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Iron species in glass are vital to applications such as solar control, and greater 
understanding of these species is required. Redox, coordination, distribution and 
environment of iron in alkali-alkaline earth-silica glasses containing 0-5 molar % 
Fe203 have been studied using a multi-technique approach. 
Wet chemical analysis provided values of the Fee+/EFe redox ratio and these are 
in agreement with those obtained from optical and Mössbauer techniques over a 
wide range of glass compositions and Fe203 contents. The Fee+/EFe ratio is 
independent of iron content in the glasses studied, provided that melting 
conditions allow sufficient equilibration with the furnace atmosphere. 
As iron content increases, Fe-Fe near-neighbour interactions have an increasing 
influence on measured properties. Mössbauer parameters indicate a wider range 
of site occupancies by Fe 2+ and Fe 3+ at low iron contents. Electron spin resonance 
suggests some clustering of Fe ions even at low iron concentrations. The amount 
of clustering is proportional to the square of the molar Fe203 content. Increasing 
alkali / alkaline earth ionic radius ratio promotes clustering at all Fe203 contents. 
The effects of alkali and alkaline earth ions on the redox, distribution, 
coordination and environment of Fe ions in these glasses generally fall into two 
behavioural categories which have been termed "collective" and "selective". 
Collective behaviour occurs when alkali and alkaline earth ions have similar 
effects on a property and the overall effect is cumulative. This is characterised by 
proportionality with theoretical optical basicity of the glass. Many parameters 
associated with Fe 2+ ions fall into this category. 
Selective behaviour occurs when alkali and alkaline earth ions have opposing 
effects on a property, suggesting competition or selectivity between ion types. 
This is characterised by proportionality with the alkali / alkaline earth ionic radius 
ratio. The redox ratio and several parameters associated with the clustering, 
coordination and environment of Fe 3+ ions fall into this category. 
Glasses containing MgO can exhibit behaviour dissimilar to the other alkaline 
earth oxides; molar volume, redox, coordination and clustering are affected. 
These phenomena may be due to some Mg 2+ ions occupying tetrahedral sites. 
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Chapter 1. Introduction 
Chapter 1. 
Introduction 
"The purpose of glass technology is to develop quantitative 
relations between compositions, properties, and their ionic and 
electronic structures and to apply them in the making and use of 
glasses. " Clarence Babcock [1]. 
The importance of the colour of glass reaches back thousands of years. In various 
forms, glass and in particular coloured glass, was being moulded, blown, formed, 
pressed and sculpted as early as 2500 BC [2]. It is often surprising, given what is 
known today about processing, raw materials and impurities, that glasses 
produced long ago were often of a very high quality, with a wide variety of 
colours [3]. Throughout history and even to the present day, one of the major 
concerns about glass has been its colour. 
Until relatively recently, glass colour was only related to the choice of raw 
materials and to a limited extent the furnace used, but there was little further 
understanding. In recent times, the physics and chemistry behind the processes by 
which light is absorbed and emitted have become better understood. The 
application of this knowledge to vitreous systems has given much information on 
many of their structural and optical characteristics. 
The 20th century saw major advances in many areas of science and technology. 
These changes are reflected in the scope and understanding of glass. Quantum 
theory has allowed understanding of atomic concepts which can be applied to 
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both structure and colour of glasses. Electronics and instrumentation are 
remarkably improved and miniaturised, hence giving a greater ability to measure 
properties. This is a continuous process and has seen major leaps even in the last 
decade. The advent of mass-produced and powerful computers has revolutionised 
both the manufacture and analysis of materials. 
In terms of actual glassmaking, there have also been significant changes. 
Alternative glass-forming systems such as the chalcogenides and fluorides have 
been introduced, bringing new and interesting properties. New processing routes 
such as deposition and sol-gel introduced different properties and new potential 
applications for glass. Improved manufacturing skills have allowed the production 
of large volumes of high-quality optical fibres for telecommunications 
applications, which have increased dramatically in the last few years. 
Perhaps the most commercially important advance of the 20`h century in glass 
manufacturing has been the introduction of the float glass process by Pilkington. 
This provided a cheap, controllable and continuous method of flat glass 
production. The basic requirement for production of a flat, fire-polished, 
distortion-free glass was to have some means of preventing contact between 
anything solid with the molten or plastic glass, whilst preventing stress of the 
glass. Floating the molten glass on a flat layer of molten metal under controllable 
conditions was the solution. Tin was found to be the most suitable metal for this 
purpose. The first commercial float glass appeared in 1959, following years of 
intensive and highly secret development. Nowadays, float glass is produced all 
over the world in massive volumes. 
Scientific techniques with which to investigate the properties of materials have 
been strongly affected by the improved technology. Currently a wide range of 
techniques exist which can be used to investigate many aspects of glass. These 
include thermodynamic techniques such as differential scanning calorimetry 
(DSC) and differential thermal analysis (DTA), chemical techniques such as those 
used for compositional analysis, optical and electron microscopies, and 
spectroscopy. 
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The interaction of radiation with matter, which leads to energy dissipation in 
specific spectral regions, is not fully understood or characterised. The 
instrumentation needed to accurately observe, record and measure this interaction 
is often complicated. The relationship between observations and underlying 
structure is often influenced by many factors, which need to be fully understood 
before correct conclusions can be drawn from data. Spectroscopic techniques used 
in the study of glass cover the whole range of the electromagnetic spectrum, from 
Mössbauer spectroscopy at y-ray frequencies, to electron spin resonance (ESR) 
and nuclear magnetic resonance (NMR), which operate in the radio frequency and 
microwave regions. Use of computers for the modelling of glass structure has also 
proven highly successful. Powerful computers have allowed complex calculations 
to be made on glass systems, and their structures to be modelled with reasonable 
accuracy. 
Colouration of glass has historically been provided by transition metal ions or 
rare-earth ions, or metal colloids in the case of ruby glasses. Of these colorants, 
the most important is iron, Fe. It is predominantly introduced to the glass by the 
sand used in glassmaking, although most other raw materials also contain some 
iron. Silicate glasses, which still constitute the bulk (95%) of glass manufacturing, 
usually contain some level of iron. Float glass contains typically 0.1 % by weight 
of iron oxide, Fe203. This has the effect of giving the glass a green tinge, which 
can be seen easily through a cross-section of the glass. This colour is caused by 
the presence of both Fe2+ and Fe" ions in the glass, which absorb radiation at 
characteristic wavelengths. 
Modem applications, such as in the construction and automotive industries, often 
require solar control. This is the deliberate attenuation of particular wavelengths 
of light to give certain required optical properties. For example, an automotive 
glass must give adequate visible light transmission, whilst cutting out harmful UV 
rays, and reducing heat transmission by IR radiation. It is known that UV 
radiation can severely damage polymeric materials which now constitute a large 
proportion of vehicle interiors. With the advent of the depletion of the ozone 
layer, the need for UV protection is made perhaps even more important. 
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Approximately 50% of heat transmission occurs in the IR region below 13,000 
cm"' (> 770 nm), with the other 50% occurring in the visible region from 26,300 - 
13,000 cm"' (380 - 770 nm). Attenuation of this radiation to acceptable levels is 
necessary, especially in hotter climates, to keep vehicle interiors cool and to 
reduce the load on air conditioning systems. The IR region is an obvious target for 
this reduction since excessive attenuation of visible radiation would be dangerous 
for obvious reasons. Ionic doping is by far the most common method of achieving 
solar control, although other methods such as reflective coatings have been used. 
Dopants commonly added to glasses include Fe, Se, Co, Cr, Ni, Mn, V, Cu, Ce 
and S (for amber glasses). Absorption spectra are more complicated for some 
transition metal ions than others. Investigators of optical properties of iron, for 
example, face problems caused by the overlap of several different absorption 
bands with each other and with the UV edge. This can make interpretation 
difficult. 
It is known that when Fe is present in glasses of commercial composition, it 
usually occurs in both Fe2+ and Fe3+ forms. Each of these redox states produces its 
own unique set of optical absorption bands and so the redox state, or the ratio of 
Fe2+ / Fe3+ ions in a glass has a strong effect on the colour. The sites within a glass 
in which these ions exist can also affect colour - the coordination of a cation with 
respect to the surrounding 0' ions is very important. There is still much debate 
over the coordination of Fe2+ and Fe3+ ions in silicate glasses. The effects of glass 
composition upon optical properties are still not fully understood either. If a glass 
manufacturer were to change the composition of a glass, for example to replace 
some calcium with magnesium, it is important to be able to predict what effects 
this would have on colour and structure as well as other properties such as 
viscosity and liquidus temperature. 
Much of the scientific work on glasses containing iron has involved glasses with 
no commercial importance, such as binary alkali silicates. Very few surveys had, 
before this work, been carried out on ternary alkali-alkaline earth silicate glasses, 
which are realistic simplifications of commercial compositions. None of these 
works had used a wide range of techniques to conduct a systematic investigation 
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of alkali-alkaline earth silicate glasses where the emphasis has been on type rather 
than amount of alkali and alkaline earth ions. Nor had they conducted this survey 
over a very wide range of iron contents. A study of this type was necessary to 
"bridge the gap" between scientific investigations of iron in glasses of no use 
commercially and the world of commercial float glass and solar control glass-type 
compositions. 
Further work is still required in all areas of glass science and technology. 
Refinement of existing systems and techniques and formation of new ones are 
ongoing processes. Better understanding of all properties of glass, from optical 
and structural to thermodynamic and mechanical, are still required. This is to 
allow the production of glasses with required properties more effectively, and to 
further the ongoing studies into glass structure/property relationships, which are 
still far from comprehensive. 
1.1. References 
[1] Babcock, C. L., Silicate Glass Technology Methods, Wiley, 1977. 
[2] Maloney, F. J. T., Glasses in the Modem World, Aldus Books, 1967, p. 50 
[3] Maloney, F. J. T., Glasses in the Modem World, Aldus Books, 1967, p. 53 
* 
Chapter 2. Background 
Chapter 2. 
Background 
2.1. The Nature, Structure and Properties of Glass 
6 
The simplest glass is formed by pure silica, Si02. Early studies of glass structure 
by Zachariasen [1] and Warren [2,3] showed that each Si 4+ ion is screened by four 
02 ions, each of which is shared by two Si" ions, thus linking tetrahedra together. 
This 3-dimensional network with 0' ions in two-fold coordination represents a 
very open structure, and this explains many properties of silica. 
Upon addition of alkali oxides to silica glass, the extra oxygen provided to the 
continuous silicate network by the alkali oxide increases the 0/Si ratio in the 
network above its value of 2 for Si02. This causes the appearance of oxygens 
bonded to only one Si" ion. These oxygens are called "non-bridging" and are 
charge-compensated by the monovalent alkali ions. Addition of alkali does, 
however, cause weakening of the Si-0 bond. This analysis became known as the 
Zachariasen-Warren "Random Network Theory", and soon became the most 
popular model of glass structure. The model survives to this day, although with 
some modifications. 
Dietzel [4] extended the theory by developing the concept of cationic field 
strength from his work on compound formation. The theory works by considering 
the size and polarizability of constituent ions in glass, and concerns the influence 
of the interaction of electrostatic forces between cations and anions in the glass. 
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The term is known as the cation field strength F, such that F= z/a2 where z= 
cation charge and a= internuclear cation-anion distance. The cation field strength 
concept has allowed explanation of many aspects of glass formation and 
properties, for example correlating the number of compounds in alkali-silica and 
alkaline earth-silica systems with the sizes and charges of cations involved. 
Studies of S'02 -K20 glasses did not support the concept of a random distribution 
of K+ ions in a network of Si04 tetrahedra [5]. The differences were due to a 
second structure which arose when increasing amounts of K+ were introduced [5]. 
X-ray studies of Si02-Na2O-RO (R = Ca, Ba) glasses showed similar behaviour 
[6]. With increasing BaO content, Ba 2+ ions were not randomly distributed 
throughout the glass but occurred as "certain groups". These works questioned the 
continuity and randomness predicted by the random network theory. 
More recent refinements to the accepted models of glass structure have been made 
possible by new and improved experimental techniques and the advent of 
computer modelling and molecular dynamics [7,8,9,10]. Work using EXAFS 
and neutron scattering has modified the accepted model by showing the likelihood 
of the existence of domains or channels enriched in cations and percolating the 
silicate framework [9,10]. The presence of such domains was suggested in 
supertonic glasses [ 11 ], and is supported by computer simulation studies [ 12]. 
Ionic radii of constituent ions provide useful information about the chemistry of a 
glass. When ions approach one another, forces of repulsion set in with great 
abruptness near certain inter-atomic separations. Ions are often treated as rigid 
spheres in mutual contact. Thus, interatomic spacings measured by such 
techniques as X-ray diffraction (XRD), are equal to the sums of the radii of the 
adjacent ions. Goldschmidt [13] suggested that "field strength", Z/r2, of an ion is 
proportional to its polarising power, and subsequent work by Dietzel developed 
cation field strength, as described earlier. Dingwall & Moore [14] found that high- 
temperature viscosity (i) measurements provided a good empirical method for 
comparison of the effects of different constituent oxides. Their data was used to 
plot ionic radius vs. temperature at which rl = 1012 Poise. Data points for the 
Chapter 2. Background 8 
various substituting cations lay along three well defined lines, covering the ranges 
0.31 - 0.6 A, 0.6 - 1.0 A, and 1.0 - 1.6 A. These groupings reflected cation 
coordinations. Limiting radius ratios have been determined for crystals such as 
alkali nitrates and divalent fluorides, and agree well with the breaks in the line. 
Shelby & Day [15] found that for mixed-alkali silica glasses containing equal 
concentrations of dissimilar alkali ions, the activation energy varied directly with 
the ionic radius ratio of the two alkali ion types. This highlights the usefulness of 
ionic radii for investigating structure / property relationships. 
It has been demonstrated in silicate glasses that Mg2+ ions behave somewhat 
differently to the other alkaline earth ions, and this has been attributed to the 
presence of some Mg" ions in four-fold coordination [14,16,17,18,19]. The 
other alkaline earth cations coordinate with 6 or more oxygen anions. The unique 
behaviour of Mg2+ explains differences in molar volume [17] and glass hardness 
[19], and may also explain differences in redox and optical properties observed in 
iron-containing alkaline earth phosphate glasses by Edwards et al [20]. Gorbachev 
et al [18] found that significant numbers of Mg06 groups are only stable in soda- 
magnesia-silica glasses when the ratio MgO/Na2O > 1.5, and with large 
concentrations of Si02. 
It is often necessary to use a numerical scale which represents the glass 
composition in some way. Such scales include cation field strength, F, and the 
ionic radius ratio, as previously discussed. Another property which has been used 
to this end is glass basicity. The optical basicity scale developed by Duffy and co- 
workers [21 - 23] has been widely cited, though other glass basicity scales exist 
[24 - 26]. Lewis acidity / basicity is a concept which applies well to inorganic 
glass systems. Glasses are generally based on a series of acidic oxides such as 
Si02 and basic oxides such as Na2O and CaO. Increasing basicity of the oxide 
accompanies increasing negative charge on its ON ion. Thus a measurement of the 
electron density of the oxygen atoms provides a scale of basicity of the glass. 
Duffy and co-workers have used certain probe ions such as Tl+ and Pb2+, which 
signal reliably the extent to which they receive negative charge from the ON ions, 
to produce a quantitative scale [21 -23]. The theoretical optical basicity, Aý can 
Chapter 2. Background 
be calculated from equation 2.1. a. 
A,, = XAO aA(AO a) + XBObnA(BOW2) + ....... 
(Equation 2.1. a. ) 
9 
where A(AOn), A(BOba)...... are the optical basicities of the oxides AOK and 
BOW and XAOa, 2, XBOb/2 are the equivalent fractions. Individual oxide basicities 
were provided by the work of Duffy et al [22,23], who calculated these values 
from Pauling electronegativities of the cations. Optical basicity has often been 
used when investigating properties of transition metals and other ions in glasses 
[27 - 40]. 
As well as calculating the average optical basicity for bulk glass, the microscopic 
optical basicity allows one to focus on individual sites within a glass [21,22]. For 
example, bridging oxygens have different microscopic basicities to non-bridging 
oxygens. This may be useful for quantifying site-selective phenomena as long as 
the exact site and its surroundings are known. 
The effect of having more than one alkali and / or alkaline earth oxide in a glass is 
to produce local structural changes due to changes in the local bonding forces 
caused by exchanging different cation types [41]. In general these effects were 
explained by differences between the field strengths of the cations, 0(z/a1). The 
interpretation was that it is the smallest, not the largest difference in field strength 
which is important. Configurations of the type R+-O(Si)-R2+ were said to be more 
energetically favourable than separate R'-O(Si)-R+ and RZ+-O(Si)-R2+ groups, 
hence the improvements in durability on addition of alkaline earth ions to alkali 
silicate glasses [41]. It was asserted that if the field strengths of the different 
cations were similar, there is a tendency for discrete separation into structural 
regions of different composition, i. e. cation clustering. This agrees with similar 
suggestions by Greaves et al [9,42] and Brosset [6]. 
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2.2. Reduction - Oxidation (Redox) of Iron in Glass 
10 
Redox couples are strongly affected by glass basicity. In the case of iron, its 
oxidised Fe3+ state will be favoured as the optical basicity of the glass increases. A 
high value of A,, means that the oxides are able to donate more negative charge, 
thereby stabilising the metal ion in its oxidised form. Relationships have been 
found linking redox with glass optical basicity for several transition metal ion 
couples including Fee+/Fe3+ [23,27,31,32,33,35]. This relationship is linear in 
Li20-Si02, Na2O-SiO2, and K20-Si02 glasses when log(Fe2/Fe3+) is plotted 
against At,. Thus with increasing Ath, the Fe 2+ t* Fe3+ equilibrium moves to the 
right. Other redox ion pairs exhibit similar behaviour, except for Cu+/Cu2+. The 
Cu+/Cu2+ system shows the opposite trend to the other redox pairs: increasing 
glass basicity favours the reduced state [32]. It has been noted that in many cases, 
redox equilibria do not correlate very well with the optical basicity, indicating the 
existence of additional mechanisms [35]. 
The redox states of transition metal ions play a vital role in determining the 
optical characteristics of glasses in which they are present. The reader is referred 
to an excellent paper by Schreiber [43] discussing redox processes in glass- 
forming systems. In glass, Fe2+ and Fe3+ ions exist in equilibrium with one 
another. This equilibrium is affected by the following physical factors, according 
to Densem & Turner [44]: 
a) Melting conditions (temperature, time, furnace atmosphere) 
b) Glass composition 
c) Concentration of Fe203 
d) Glass viscosity 
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2.2.1. The "Classic Model" 
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A general equation used to describe the effects of oxygen partial pressure on the 
equilibrium is as follows; 
Mm+ + n/4 02 p M(m )+ + n/2 02. (Equation 2.2.1. a. ) 
The equilibrium constant K is given by the expression 
[M(mýJ[o2_]hhl'2 
K 
[Mm+jp(02)n/4 (Equation 2.2.1. b. ) 
so when the metal species M= Fe, the formula is written; 
K* _ 
a(Fe3+`a(02_)1/2 
a(Fe2+ )p(02) 1/4 
(Equation 2.2.1. c. ) 
Keeping the Fee+/Fe3+ ratio constant with varying composition would require K* 
to vary in proportion to [02"]-". If the Fee/Fe3+ ratio decreases as the glass 
basicity increases as suggested by Duffy and co-workers [27 - 33], then K* must 
vary even more strongly, so it is not constant. 
Attainment of redox equilibrium in systems such as Fee+/Fe3+ is diffusion- 
controlled [43,45 - 47]. Some have looked in detail at these phenomena and have 
modelled kinetics to describe transport of oxygen into and out of the melt [46, 
47]. 
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2.2.2. Temperature of Melting 
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Redox equilibria in oxide glass melts move towards the reduced state as 
temperature increases [43,45,48 - 50]. This is predicted by the Ellingham 
diagram, where all the free energy lines have positive slopes [51]. Plots of log 
(Fe2+/Fe3+) vs. 1/T also show positive slopes. Differences in melt composition 
affect the position and slope of these lines. Glass composition affects K, the 
equilibrium constant. The same relationship between log (Fe2+/Fe3+) and 1/T has 
been observed in many different glass systems [20,45,50 - 53]. 
Increasing melting temperature decreases equilibration time [47]. In complex 
borosilicate glasses, equilibration times decreased dramatically with increasing 
temperature from 1050°C to 1150°C to 1250°C [47]. Equilibration was also 
achieved more quickly with increasing Fe content [47]. 
2.2.3. Time of Melting 
Equilibrium is reached with the atmosphere above glass melts only after a certain 
amount of time. Factors affecting equilibration times include type of crucible [54, 
55] and glass composition [36,44,46,51,55,56]. Equilibration times ranged 
from a few hours to over 100 hours [36,44,46,51,55,56]. The manner in which 
Fe is added to the batch can determine whether the equilibrium is approached 
from "above" or "below". The Fe" content increases up to a maximum with time 
if Fe is provided by Fe203 15 11 - 
Stirring of a glass melt ensures homogeneity and greatly accelerates diffusion by 
convective mixing. In a stirred Cu-containing melt, equilibrium was achieved 
after 6-7 hours whereas in an unstirred melt it took over 48 hours, to approach 
equilibrium [36]. Generally, equilibrium is attained more quickly if the melt is 
physically agitated and held at higher melting temperatures. 
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2.2.4. Furnace Atmosphere 
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The partial pressure of oxygen, p(OZ), strongly affects redox. By changing the 
atmosphere above a melt or by adding reducing or oxidising agents to the glass 
batch, control over redox can be exercised. For example, the addition of carbon to 
a batch will form CO2 on heating, removing oxygen from the melt, causing the 
melt to become reduced. Addition of nitrate species to a batch will cause the melt 
to be oxidised by evolving oxygen: 2 NO; t* 2 NOZ + 02. For many redox 
species it has been shown that log p(O2) vs. log [Fe2+/Fe3+] gives a linear 
relationship with slope of %4 as predicted by equation 2.2.1. c. [43,45,50,57]. 
2.2.5. Glass Composition 
The molar alkali oxide content of binary alkali silica glass is proportional to log 
[oxidised/reduced] for a number of ions including Fe [23,31,33,35,53,55,57]. 
By using different alkali oxides (Li, Na, K) the value of log [oxidised/reduced] 
increased in the order Li < Na < K. Thus increasing optical basicity in these 
simple binary glasses shifted the redox equilibrium towards the oxidised state. 
This is a linear relationship [23,31,33,35] which is independent of Fe content 
[55]. An equivalent relationship exists for binary alkaline earth silicates, namely 
that [oxidised/reduced] increased in the order Mg < Ca < Sr < Ba [58,59]. This 
redox ratio was proportional to the cation field strength zia2 of the alkaline earth 
ion [58,59]. The Fee+/Fe3+ ratio was linearly correlated with the degree of 
polymerisation of the melt [58]. Results for binary alkaline earth phosphate 
glasses doped with Fe were very different: the redox ratio was found to be 
approximately equal for CaO, SrO and BaO glasses, but MgO glasses had a 
higher Fe3+ content [20]. 
One may expect that redox equilibria in ternary alkali-alkaline earth silicate 
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systems would behave in a similar manner to these binary systems. Indeed, this 
has been found to be true when Na20 and CaO replaced each other in a soda-lime- 
silica glass [60]. As far as could be ascertained, no systematic study of the effects 
of both alkali and alkaline earth ions on the redox of Fe in ternary silicate glass 
had been undertaken previous to this study. 
Linear relationships were observed for Sn, Fe, As, Cr, and Ce in binary alkali 
silicates between the theoretical optical basicity, Aý and 0 log O', the 
empirically-calculated free oxygen ion activity [61]. This relationship did not 
apply to alkaline earth ions or Zn, Pb and Cd. It was concluded in the paper that 
the free oxygen ion activity is a better parameter than optical basicity for 
representing the basicity of glasses [61]. 
Baucke & Duffy [31 - 33] discussed how Fee+/Fe3' equilibria are influenced by 
the basicity of a melt. Changing basicity causes changes in activity, fugacity and 
standard free energies of each species. The stabilisation of higher oxidation states 
with increasing glass basicity is explained by chemical bonding, which predicts an 
empirical relationship between redox ratio and average electron density of oxygen 
ions in the glass. This takes place in alkali silicate glasses over a wide range of 
basicity values. Empirical relationships were shown relating redox ratio with 
optical basicity for Fe, Cr, Ce, Sn and As. 
2.2.6. FeAConcentration 
Iron is generally added to glasses as an impurity in raw materials, but for 
experimental glasses it has normally been added as Fe203. Other forms such as 
Fe3O4 and FeO have sometimes been used. It has long been a matter of debate 
whether the Fe203 content of a glass affects the redox, and why this might be if it 
does occur. A famous work by Densem & Turner [44] shows their results for 
soda-lime-silica glasses containing 0.002 to 12.5 weight % Fe203 (0.0008 to 5 
molar %). This work has often been quoted as showing that iron redox varies 
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considerably with iron concentration below about 3 weight % (-1 molar %) 
Fe203. The Fe 2+ content increased with further decreases in Fe203 content below 3 
weight %. The redox ratio was constant above 3 weight % Fe203. Similar results 
have been discussed for iron in glass using both wet chemical analysis and 
Mössbauer spectroscopy [53,62 - 66] and for other redox ions [48,49,55]. A key 
factor is that none of the glasses studied in these works were shown to have 
properly been brought to equilibrium with the atmosphere. 
Goldman [50] stated that his data did not indicate a dependence of the redox 
equilibrium on total iron content under equilibrium conditions. No differences in 
redox ratio were found between glasses containing 0.09,0.17 and 0.35 weight % 
Fe203 over a range of p(02) values. Glasses produced under non-equilibrium 
conditions exhibited the same trend as discussed in the previous paragraph. This 
was attributed to the oxidising action of the Fe203 itself upon the melt. Ferric 
oxide gives up some of its oxygen during melting, and is therefore considered an 
oxidising agent. Under equilibrium conditions, the cuprous / cupric ratio is 
unaffected by the concentration of copper [36]. In a study of borosilicate glasses 
there was almost no difference in redox ratio between glasses containing 1 and 10 
weight % Fe203 at equilibrium [47]. 
2.2.7. Glass Viscosity 
In order to investigate viscosity / redox relationships, the composition or 
temperature of a glass must be changed. These are the very parameters which 
must stay constant in order to make the study. Viscosity is affected by factors 
such as the anion to cation ratio, binding forces within polyhedra, cation 
polarizability and cation size [67]. 
The effects of composition on viscosity were investigated in a series of soda-lime- 
silica glasses [14]. The replacement of 8 weight % of the SiO2 by various 
monovalent and divalent oxides was carried out. The effects of alkali and alkaline 
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earth oxides on viscosity were in opposition to one another: for both types of 
cation, viscosity was proportional to the field strength of the cation. The 
relationship had a positive slope for divalent ions such as Mg, Ca, Sr, Ba, and Pb, 
but had a negative slope for monovalent ions such as Li, Na and K. It has been 
argued that viscosity has little effect on redox when compared with the effect of 
the chemical composition [44]. Viscosity links both composition and temperature 
with redox, and a change in viscosity must be brought about by a change in these 
parameters. 
2.2.8. Methods of Redox Measurement 
Various methods exist in the literature for the measurement of iron redox. The 
most widely used is wet chemical analysis. The method of Close et al [68] typifies 
these measurements. Bamford & Hudson [69] suggested a method based on the 
absorption spectrum of the glass. The absorption bands at 380 nm and 1000 nm, 
due to Fe3+ and Fe2+ ions respectively, were used. The absorbance of the bands 
after correction should be equal to the extinction coefficient multiplied by the 
concentration of Fe2+ or Fe3+ ions multiplied by the path length. This method 
assumed Beer's Law holds for the measured samples. Correction must be carried 
out to subtract the UV tail from the spectrum. The extinction coefficients must 
also be known to allow this method to work. 
Mössbauer spectroscopy can also measure. iron redox in glass. Analysis of 
measured spectra allows deconvolution into Fe" and Fe3+ components, and 
comparison of the relative areas can be used to give the redox ratio. 
2.3. Coordination and Environment of Iron in Glass 
As discussed by Nelson & White [70], "There are various conceptual frameworks 
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for interpreting experimental measurements that bear on the structure of glass. 
The traditional concept, widely used by the glass science community, is to treat 
glass as if it were a disordered crystal. The glass will then contain `sites' that can 
be occupied by the cations. Although many site geometries and symmetries have 
been proposed for special cases, much of the literature focuses on tetrahedral 
(network forming) and octahedral (network modifying) sites .... An alternative.... 
is 
to discuss glass in terms of the concepts of the liquid state. Transition metals 
dissolved in glass re-arrange the local structure to suit their bonding requirements 
and form complexes of various coordination numbers. " 
Many works have investigated the coordination and distribution of Fe2+ and Fe3+ 
ions in glass, and will be reviewed in following chapters. The ionic radius of Fei+, 
64 pm, is very close to the boundary between 4- and 6- coordination, which 
occurs at -60 pm based on geometrical constraints [14]. This suggests that Fe3+ 
ions can occupy either 4- or 6- coordinated sites. The ionic radius of Fe2+ is 74 
pm. This is further away from the dividing line between 4- and 6- coordination as 
set down by Dingwall & Moore [14], so Fe2+ is more likely to occur in octahedral 
6-coordinated sites. Since glasses lack long-range order, these general rules are 
somewhat relaxed ones, and tetrahedral 4-coordinated Fe" ions have been 
reported in some glasses. 
The possibility of 5-coordinated Fe-ions in glass has rarely been considered, 
although trigonal bipyramid and square pyramid are both possible CN=5 sites 
[71]. Five-coordinated Fe2+ ions are present in eudialyte, a complex silicate 
mineral [71]. These ions in pyramidal sites give rise to absorptions at 10,900 cm'' 
and 4,000 cm, close to those expected of 6- and 4-coordinated Fe2+ ions 
respectively in many silicate glasses. 
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3.1 Glass Making 
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A full listing of the glasses investigated in this study can be found in appendix A, 
table Al. 
3.1.1 Standard Composition 
The ternary system Si02 - R20 - R'O was used in this study. Iron was introduced 
as Fe203, with proportionate molar reductions of the other constituents to 
compensate. Glass compositions were calculated in molar percent, enabling atom 
for atom replacement of one component with another. The standard compositions 
melted were, in molar percent: 
70 Si02 
15 R20 (R = Li2O, Na2O, K20, Rb20, Cs20) 
15 R'O (R' = MgO, CaO, SrO, BaO) 
0-5 Fe203 
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It was necessary to melt some glasses where the 15 % R20 consisted of 7.5 % 
each of two alkali oxides. Most of the glasses containing 15 % Li2O exhibited 
phase separation, rendering optical spectroscopy impossible. It was therefore 
necessary to make mixed-alkali samples containing 7.5 % each of Li20 and Na2O. 
Some samples containing a similar mixture of Na2O and K2O were also melted. 
3.1.2. Other Compositions 
Some melts had carbon added to the batch as a reducing agent. As a subset of the 
standard glasses, a few were made with a standard 0.2% Fe203 - CaO - Na2O 
composition, but with 5% of the Si02 being replaced with B203, Ge02 or A1203. 
Another "non-standard" glass was melted in the B203 - Si02 - Na2O -. Fe203 
system to allow comparison between borate and silicate glasses. 
3.1.3 Batch 
Only high purity raw materials were used in glassmaking, to avoid contamination 
by unwanted oxides and other contaminants such as sulphur. Appendix A, table 
A2 gives raw material assays where available. Si02 was provided by ultra-high 
purity Japanese quartz, and all R20 and R'O was provided by high purity 
carbonates. Iron oxide was introduced as Fe203. 
3.1.4 Melting 
Glasses were melted in air in Pt-2%Rh crucibles at 1450°C in electric furnaces. 
This kept contamination of the glass by undesirable transition metals from the 
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crucible to a minimum, whilst providing the same melting temperature and 
atmosphere for every glass. Temperature and atmosphere have been shown to 
strongly affect redox of iron in glass (see chapter 2.2. ), so these usually had to be 
kept constant. A few glasses were melted with different melting time, temperature 
or redox conditions to investigate their effects. 
Batches were made to produce either 100 g or 300 g of glass. Expensive raw 
materials such as Rb2CO3 and Cs2CO3 necessitated smaller 100 g melts. 
Batch was added stepwise to the crucible which was placed in the furnace, then 1 
hour batch-free time was allowed. A motorised Pt-Rh stirrer was then lowered 
into the melt and switched on. The melt was stirred for 5 hours before the stirrer 
was switched off and removed. The glass was poured into preheated moulds. As 
the glass cooled it was removed from the moulds and placed in an annealing 
furnace at 550°C. The furnace was programmed to hold at this temperature for 1 
hour then to cool by 1 °C per minute to room temperature. 
Investigation of the effects of melting time on homogeneity and redox 
necessitated changing the melting schedule. Where this was done, the melting 
schedule was essentially the same, with only time in furnace or stirring time being 
altered. Table 3.1.4. a categorizes the different melting schedules used. 










"Standard" Electric 1450 5 Yes 
"Gas 1" Gas 1450 5 No 
"Gas 2" Gas 1380 2 No 
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The Archimedes method was used to calculate the densities of some samples. This 
involved weighing the sample in air and in distilled water of a known 




* SW (Equation 3.2. ) 
A -WW 
where 6ThUE = true density, WA= weight in air, WW = weight in water, 5w = 
density of water at measured temperature. 
3.3. X-Ray Diffraction (XRD) 
XRD was carried out on powdered samples using CuKa radiation on a Philips 
goniometer. Scan rate was 2°20 / minute. Step size was 0.2°. Samples were 
measured between 10° and 80°, 20. 
3.4. Inductively-Coupled Plasma (ICP) 
Measurement of chemical composition of samples was done using the Inductively 
Coupled Plasma (ICP) technique. An Applied Research Laboratories 3410 ICP 
was used. Samples in the form of aqueous solutions were introduced as aerosols 
into the flame of a high temperature (10,000 K) Ar plasma flame. The technique 
is suitable to ppm levels. 
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Redox was measured by three different techniques: wet chemical, Mössbauer 
spectroscopy and optical absorption spectroscopy. The wet chemical method is 
detailed in chapter 3.5.1. The methods of measuring redox by Mössbauer 
spectroscopy and by optical absorption spectroscopy are discussed in chapters 6 
and 4.3.8., respectively. 
3.5.1. Wet Chemical Redox Measurements 
These measurements were made using two methods, one for glasses with <2 
molar % Fe203 and one for glasses with z2 molar % Fe203. Errors associated 
with the technique for low iron contents were very low, ±1% of EFe. For high 
iron contents, errors were ±2% of EFe. Special thanks go to the staff at 
Pilkington who carried out these procedures. 
For <2 molar % Fe203, the method used was similar to that of Close et al [1]. The 
glass was decomposed using HF in a Pt beaker under an oxygen-free atmosphere 
of CO2 and the Fe2+ was determined colorimetrically using o-phenanthroline. 
Glasses with >2 molar % Fe203 were analysed titrimetrically. Again the glass was 
decomposed in HF in a CO2 atmosphere. The solution was extracted into a 
polythene beaker and neutralised with boric acid., It was then titrated with 
potassium dichromate with ferroin as an indicator. 
The procedure used was as follows: 
i) 20m1 of distilled H20,2.5m1 of o-phenanthroline solution (1% w/v ), 8. Oml of 
HF (40% w/w), and 2. Oml of H2SO4 (1: 2 v/v) were added to a Pt crucible. 
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ii) A lid was placed over the crucible and CO2 bubbled through the solution at a 
steady rate. 
iii) The crucible was heated slowly on a sand bath until the solution was just 
boiling; then cooled by standing the crucible in cold water. 
iv) Approx. 0.5g of finely ground sample was weighed onto a watch glass and 
transferred to the Pt crucible 
v) The lid was replaced and the crucible heated on the sand bath to boiling over a 
period of 20 mins. The solution was swirled occasionally. 
vi) The crucible was cooled in cold water. The contents were transferred to a 
polythene beaker with the aid of a fine jet of distilled water, and 8g of boric acid 
(lg per ml of HF used) was added. This was stirred and allowed to stand for 5 
mins. 
vii) Ammonia solution was added until the pH = 3.2, then the solution was 
transferred to a 100ml flask, made up to volume and mixed thoroughly. 
viii) The solution was filtered through a dry medium filter paper into a cell, and 
the absorbance vs. a distilled water blank was measured at 51 Onm. 
The nominal total Fe content was known from batch calculations, and ICP 
analysis showed losses during melting were minimal. Thus Fee+/Fe3+ and Fee+/EFe 
could be calculated using nominal EFe values. Errors associated with this 
technique are thought to be very low. These have been estimated at ±1% for 
Fee+/EFe. 
3.6. Optical Absorption Spectroscopy 
3.6.1. Sample Preparation 
The cast glass was cut to size using a diamond cutting wheel, then ground to the 
required dimensions on a grinding wheel. A cerium rouge impregnated wheel was 
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used to chemically polish the sample. Samples were typically 2 cm * 2cm, with 
thickness varying between 0.2 and 4 mm depending on iron content. 
3.6.2. Measurement of Optical Absorption Spectra 
Optical spectra were measured and recorded using a Hitachi U-3501 Spectrometer 
connected to a PC. The spectrometer was a dual-beam instrument which was used 
to take measurements between 4,545 - 33,900 cm"' (2,200 - 295 nm). An 
integrating sphere was placed in the spectrometer during the measurement of 
spectra. This greatly reduced the effects of "wedging" of the sample, i. e. deviation 
from constant thickness, and imperfections with polishing quality. Data points 
were taken every 1 nm between 295 and 2,200 nm. Some spectra were also 
recorded using other spectrometers. A Unicam UV/Vis spectrometer and a Perkin- 
Elmer Spectrum 2000 FT-IR spectrometer were used to record low-temperature 
spectra described in chapter 4.3.4.2. 
3.6.3. Normalisation of Optical Absorption Spectra 
In order to compare spectra from different samples, normalization was carried out. 
To quote Bamford [2], "The measurement of spectral transmission is normally 
made on an homogenous glass sample of defined thickness, having plane, 
polished and parallel surfaces, with the spectral radiation incident to the glass 
surface..... factors producing attenuation are: the reflection at the glass-air 
interface; the optical absorption of the body of the glass". All spectra were first 
corrected for reflection losses. The reflection coefficient (R) is related to the 
refractive index (N) of the glass as shown in equation 3.6.3. a. 





(Equation 3.6.3. a. ) 
The refractive index of glass is an important spectral property; R at each surface 
measures thus: 
for N=1.5, R=0.040 or 4.0 % 
forN= 1.7, R=0.067 or 6.7 % 
for N=1.9, R=0.096 or 9.6 % 
Thus the reflection losses must be subtracted first from any spectral transmission 
data. Spectral absorption is the difference between the energy incident on the 
glass and that transmitted or reflected. Correcting for reflection gives the 
Lambert-Beer Law shown in equation 3.6.3. b. 
I= 10 exp (-acl) (Equation 3.6.3. b. ) 
where I= transmitted intensity, Io = incident intensity, a= absorption coefficient, 
c= concentration of absorbing species (units often g mole / litre), and 1= path 
length. Rearranging equation 3.6.3. b., we have equation 3.6.3. c. 
A= log(I/10) = -acl (Equation 3.6.3. c. ) 
To convert transmission spectra into absorption spectra, the log10 of the corrected 
transmission data gives A. 
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3.7. Photoluminescence (PL) Spectroscopy 
3.7.1. PL Sample Preparation 
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This technique does not require that samples have a particular geometry, so it was 
usually sufficient to use any piece of glass of approximately the same dimensions 
as the optical samples. 
3.7.2. Measurement of PL Spectra 
Spectra were measured from 20,000 - 12,500 cm-' with a Thorn EMI extended- 
S20 photomultiplier tube and from 16,600 - 8,300 cm'' with a liquid N2-cooled 
North Coast EO-817-L germanium detector. Spectra were recorded at 293 K. The 
measurement parameters such as laser power, time constants, settle time and data 
averaging time were set to give optimal noise reduction whilst recording spectra 
in an acceptable time period. 
A '/4-m Jarrell-Ash monochromator blazed at 25,000 cm ` was used with the 
Extended-S20 photomultiplier. For the EO-817-L Ge detector both the Jarrell-Ash 
and a Bentham M300 monochromator blazed at 10,000 cm'' were used. 
A Brookdeal precision lock-in amplifier and an Acorn Archimedes 
microcomputer were used for data capture. Excitation was provided by the 20,986 
cm"' (476.5 nm) line of a Lexel model 95(4) Ar-ion laser. A Gould type 3405 
oscilloscope was used to monitor signal strength and phase. Entrance and exit slits 
on the monochromators were set at 2000 µm. Data points were measured every 2 
nm or 5 nm. 
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3.7.3. Normalization of PL Spectra 
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The response of the system, i. e. filter, monochromator and detector, changed with 
wavelength. Correction was carried out by measuring the luminescence of a light 
source with known spectral characteristics. A tungsten filament bulb at known 
temperature has a luminescence spectrum close to that of an ideal black body. An 
accurate luminescence spectrum of a tungsten bulb can therefore be generated by 
applying an emissivity correction, E(k), to the radiancy of a black body, B(X). 
This is generated using Planck's radiation law shown in equation 3.7.3. a. 
B(? )d), = 
27chc' 
dX (Equation 3.7.3. a. ) V(ehc/xkT 
_ 
1) 
where c is the velocity of light, h is Planck's constant, X is the wavelength of 
light, k is Boltzmann's constant and T is the temperature of the black body. Thus 
the spectral radiance of a tungsten bulb, W(X) can be calculated using equation 
3.7.3. b. 
W(?, ) = E(? ). B(, %) (Equation 3.7.3. b) 
The measured spectrum of the tungsten bulb at a known temperature, MW(X), is 
equal to the actual spectrum of the bulb multiplied by the spectral response, R(X), 
of the system. We can therefore write equation 3.7.3. c. 
MW(X) = R(X). E(X). B(X) (Equation 3.7.3. c) 
Bulb temperature was measured using an optical pyrometer. Error was estimated 
at ± 40 K. Emissivity data for tungsten was given in 200 K intervals rendering this 
error small, since emissivity varied little over 200 K intervals. 
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3.8. Electron Spin Resonance (ESR) Spectroscopy 
3.8.1. ESR Sample Preparation 
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A few grams of powdered sample were required by this technique. Samples were 
prepared in the same manner as for Mössbauer spectroscopy, but without the need 
for grinding to a fine powder with pestle and mortar. The main priority was that 
samples fit the sample tube, diameter -3 mm. The crushing equipment was 
cleaned after crushing each sample to avoid cross-contamination. 
3.8.2. Measurement of ESR Spectra 
Spectra were measured using two different Varian spectrometers. One was 
connected to a BBC "B" Microcomputer for data capture. The second 
spectrometer allowed data capture onto a chart recorder. Spectral normalisation 
was unnecessary because for the samples measured in this study, all comparisons 
were in terms of parameters which were unaffected by sample size, i. e. intensity 
ratios and linewidths. 
3.9. Mössbauer Spectroscopy 
3.9.1. Missbauer Sample Preparation 
This technique required only small amounts (100 mg) of sample in powdered 
form. The average particle size was not critical as long as the larger particles were 
removed. A small lump of sample was cut from the annealed blocks, put in a 
percussion mortar and crushed into powder. The powder was then finely ground 
with a pestle and mortar and sieved to 100 mesh. The percussion mortar and 
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mortar and pestle were cleaned thoroughly after each sample to avoid 
contamination. The sample holder was comprised of two plastic discs, known to 
be iron-free, between which a small amount of sample, approximately 100mg, 
was sandwiched. The discs were then fastened together and placed in the 
spectrometer for measurement. It was not necessary to weigh out exactly equal 
amounts of different samples: this would have no useful purpose because volume 
and concentration correction was not carried out. 
3.9.2. Measurement of Mössbauer Spectra 
A schematic of the spectrometer used is shown in figure 3.9.2. a. Due to financial 
and time restrictions, it was only possible to measure two samples at 7 K, so only 
samples which were expected to show the greatest effects were measured. Most 
spectra were measured at ambient temperature, 293 K. Spectra for the 3% Fe203 
sample were measured at a range of temperatures between 293 K and 7K to allow 
calculation of the Debye temperature. A 25 mCi "Co source embedded in Rh or 
Pd was used. A correction of 0.053 mm/s had to be added to S measured using the 
Pd matrix source, to allow direct comparison with those measured with the Rh 
matrix source. Spectra were recorded on a 512-channel recorder, and quoted 
centre shift values are relative to a-Fe. Velocity ranges of ± 4, ±5 or ± 12 mm/s 
were used. The wider velocity ranges were used for the lower iron contents, and 
the necessity of this are explained in chapter 6.2.3. Depending on the Fe203 
content, spectra usually took between 2 days and 2 weeks to collect. Once an 
acceptable spectrum had been recorded, it was fitted using a computer program 
developed in-house named MOSS. This program fitted Lorentzian lines to the 
spectra. 
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Figure 3.9.2. a. Mössbauer Spectrometer Schematic 
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4.1. Background & Literature Survey 
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Coloured glass has been widely studied for many years. Weyl's book "Coloured 
Glasses" [1] is a comprehensive investigation and discussion of the nature of 
colouring in glasses which covers the state of the art through the 1950's. The book 
discusses the structure of glass and its effects on colour as they were then 
understood. For example, absorptions due to Fe" and Fe3+ ions were known to 
occur in the red visible and near-IR for Fe2+ and the UV and blue visible for Fe3+ 
They have the effect of colouring glass green or blue, depending upon the redox 
equilibrium. It was recognised that Fe3+ exists in both 4- and 6- coordinated sites. 
The iron concentration itself was known to affect colour and redox, whilst the 
composition of a glass affects most optical properties. 
This early work brought together many areas of glass research and formed what 
has become possibly the most widely known and comprehensive work on the 
colour of glasses. Some ideas it discusses have since been modified or replaced. 
The majority, however, are as useful to the glass technologist now as when the 
book was written, and the reader is referred to it regarding many aspects of this 
thesis. 
The advent of ligand field theory [2 - 4] in the late 1950's and early 1960's 
allowed better understanding and interpretation of the optical spectra of ionic 
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colourants. The absorption of transition metals in glass is nowadays generally 
studied on the basis of ligand field theory. 
4.1.1. Electronic Transitions in Transition Metal (TM) Complexes 
The intensities of electronic transitions of transition metal (TM) ions in the solid 
state are influenced by several factors. Physical conditions such as temperature 
and pressure can have strong effects, but these parameters are approximately 
constant for most applications. The main factors concerned with iron in glass are 
discussed in this chapter. 
4.1.1.1. Spin Selection Rules 
Electronic transitions can generally be separated into two main groups: 
1. Transitions occurring within one ion. 
2. Transitions involving more than one ion. 
Within each of these groups exist the following two subsets: 
a) Intrashell transitions. These include d-d type transitions. 
b) Intershell transitions, involving electron transfer between orbital types, e. g. s -p 
type transitions. 
Optical absorption by TM ions is usually due to intrashell transitions within one 
ion (i. e. categories 1-a above), although intershell transitions do also occur. The 
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intensities of the intrashell transitions are governed by the probabilities of 
transitions between split 3d orbital energy levels. A series of selection rules in 
turn govern the probabilities of the transitions. 
4.1.1.2. Laporte Selection Rule 
All electronic d-d transitions are forbidden by the Laporte rule, since ground and 
excited states have the same number of d-electrons, but some transitions are 
forbidden more strongly than others. The rule is relaxed somewhat if there is no 
centre of symmetry to the TM ion coordination polyhedron. If an Fe ion is 
octahedrally coordinated with the surrounding oxygen anions then there is a 
centre of symmetry and the Laporte rule applies strongly, weakening the 
absorption. If, however, the Fe ion is tetrahedrally coordinated then the lack of a 
centre of symmetry relaxes the Laporte rule and the absorption is stronger. The 
Laporte rule is relaxed further for a tetrahedral site, where some mixing of d and p 
orbitals can occur. The result of this is that absorptions from tetrahedral sites are 
10-100 times more intense than from octahedral sites. For basaltic glasses 
containing iron, the absorption due to tetrahedral Fe2+ ions and occurring at 
-5,000 cm', is comparable in strength with the absorption at -10,000 cm"' due to 
octahedral Fe2+ ions, with only 1% of the Fe 2+ ions in tetrahedral sites and the 
other 99 % in octahedral sites [5]. 
4.1.1.3. Spin Multiplicity Selection Rule 
This rule states that the total number of unpaired electrons on an ion must remain 
unchanged during an electronic transition. Spin-allowed transitions are, similarly 
to Laporte-allowed transitions, approximately 10 - 100 times stronger than spin- 
forbidden transitions. An example of a spin-allowed transition is the ST2(D) -+ 
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5E(D) transition for Fe2+ ions in octahedral sites, which occurs at -10,000 cm-' in 
many crystalline and amorphous solids (notation is discussed in chapter 4.1.3.3. ). 
Fe2+ is a 3d6 ion and always has four unpaired electrons in the 3d shell when the 
transition ST2(D) --> 5E(D) occurs. All transitions involving Fei+, a 3d5 ion, are 
spin-forbidden. Each of the five orbitals is occupied by one electron, so any 
transition must change the number of unpaired electrons. Spin-forbidden 
transitions of Fe2+ are possible, and involve different orbital energy levels. 
4.1.1.4. Spin Coupling Interactions 
If Fe ions occupy next-nearest neighbour sites to one another, intensities of spin- 
forbidden transitions may be enhanced. This is caused by magnetic coupling of 
electron spins, and has been observed in Fei+- bearing structures [5]. Selection 
rules for Fei+-Fe3+ coupled ions are different than for isolated ions. It is also 
possible to have additional transitions from simultaneous excitations within both 
the interacting Fe" ions. For example an absorption occurs in yellow sapphire at 
18,690 cm'` which is due to the simultaneous excitation 6A, (S) + 6A, (S) -* 4T, (G) 
+ 4T, (G) involving two Fe3+ in adjacent octahedra [5]. Spectral enhancement can 
also be caused by mixed valence Fee+-Fe3+ transitions, and these are discussed in 
chapter 4.1.1.5. 
4.1.1.5. Charge-Transfer Transitions 
There are two charge-transfer mechanisms, each producing different effects: 
a) Oxygen - Metal Charge Transfer (OMCT) 
Absorption of photons of light may result from the transfer of an electron from 
oxygen ligands to a 3d orbital of the TM ion, or vice versa. The distances 
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involved in this transfer are relatively large, so the dipole moment is large. The 
transition itself is also Laporte-allowed. The spectra arising from OMCT 
transitions are generally 100 - 1000 times stronger than d-d transitions. These 
transitions usually occur in the UV region. For some species such as Fe3+ the tails 
of these OMCT bands reach into the visible and can obscure some of the 
absorptions associated with d-d transitions. 
b) Inter-Valence Charge Transfer (IVCT) 
Electron exchange can occur between ions of the same element with differing 
redox states, e. g. Fe 2+ and Fei+. If the coordination polyhedra are edge-sharing, 
IVCT takes place. Strong coupling between Fe2+ and Fe' ions removes the 
symmetry of 3d orbitals at the Fe 2+ site, making Fee' d-d transitions Laporte- 
allowed and enhancing the intensity of absorption [5]. The absorptive effects of 
Fee+-Fe'+ IVCT bands have been documented for minerals, for which they can 
occur in the visible region. IVCT bands have been found at 11,000 - 18,000 cm' 
in silicate minerals [4], and near 14,500 cm-' in lead silicate glasses [6]. 
4.1.1.6. Widths of Absorption Bands. 
Surrounding anions strongly affect d-d transitions of TM ions. Changes affecting 
the anions affect the energy separations in the TM ion, and hence widths of 
absorption bands. Energy level diagrams of the type used by Tanabe & Sugano [2, 
3], help to explain peak widths. The more strongly a transition is affected by 
ligand field, the broader the absorption band. Metal - ligand distances vary about 
a mean position due to vibrational modes caused by thermal energy, thus the 
parameter Dq (see chapter 4.1.3.1. ) also varies about a mean energy 
corresponding to the mean separation. These vibrational modes can be reduced by 
decreasing the temperature. Lattice disorder and Stokes shift (see chapter 4.1.4.3. ) 
effects also cause broadening of absorption bands in glasses. 
Chapter 4. Optical Spectroscopy 
4.1.1.7. The Jahn-Teller Effect 
40 
The Jahn-Teller effect causes broadening and asymmetry of absorption bands, due 
to distortions of coordination polyhedra from regular symmetry. Jahn and Teller 
[7] proved that if the orbitals in the ground state of a molecule are degenerate (i. e. 
have the same energy), the molecule distorts spontaneously to a lower symmetry 
to remove the degeneracy and make one energy level more stable. Degenerate 
electron distributions exist in high-spin 3d6 complexes (Fe"), suggesting that 
Jahn-Teller distortions may occur. Van Vleck [8] showed, however, that these 
Jahn-Teller distortions are small when there is degeneracy in the t2g ground state 
orbital group, as in the case of Fe". In regular octahedral environments provided 
by MgO or aqueous solutions, cations such as Ti" (3d'), V3+ (3d2), and Fe2+ (3d6) 
experience ground state splittings of the order of 10 - 100 cm''. 
The Jahn-Teller theorem also predicts the splitting of energy levels whilst cations 
are in their excited states following absorption of a photon. During the short 
lifetime of the transition the upper energy levels are split. This phenomenon is 
known as the dynamic Jahn-Teller effect. A dual transition to the resolved energy 
levels of the E. excited state can lead to asymmetry and broadening of spectra, 
especially for ions such as Fe" and Ti". An example of the dynamic Jahn-Teller 
effect occurs in the spectrum of [Fe(H2O)]2+ ions in crystal or solution, where the 
main spin-allowed band due to the ST2(D) -* SE(D) transition occurs at -10,400 
cm7'. The peak is broad and exhibits two maxima with a separation of -2,000 cm-' 
[9]. The ground state splitting is less than 1,000 cm, indicating that the 
asymmetry observed in iron-containing minerals and glasses is probably due to 
the dynamic Jahn-Teller effect and not the static Jahn-Teller effect [9]. Ookawa et 
al [6] attributed a peak at approximately 7,500 cm-' in lead silicate glasses to 
dynamic Jahn-Teller splitting of the main octahedral Fe2+ peak near 10,000 cm"'. 
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4.1.2. Optical Spectra 
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Optical spectra are comprised of the ultra-violet (UV), visible (Vis) and infra-red 
(IR) regions of the electromagnetic spectrum. Many glasses show a transmission 
"window" starting in the UV and reaching through the visible into the IR. The 
extent of the transmission range is determined by the glass composition, and to a 
lesser extent by the glass production route. 
4.1.2.1. Ultra-Violet (UV) 
For solar control applications, the UV transmission must be decreased to 
acceptable limits to protect eyes and polymeric upholstery. Ultraviolet absorption 
in silicate glasses arises from three principal sources: 
1) Intrinsic electronic excitations of the Si-O network. 
2) The introduction of network modifying and / or network forming cations. 
3) The presence of impurities, particularly TM ions. 
As the cation field strength of the glass-forming oxide increases, the UV edge 
moves to greater wavenumbers such that P205 > Si02 > B203 > HP03" > Ge02 
[10]. The UV transmission of Si02 and B203 glass is diminished by the addition 
of metal oxides [11]. The rapid onset of absorption in the UV is caused by the 
transition of an electron from a bound state with an oxygen ion to an excited state 
[12]. The absorption edge is less sharp than it might be, due to the nature and 
structure of glasses. In pure Si02 and B203 glasses the UV absorption is caused 
by bridging oxygens, i. e. 0' anions which connect Si" cations. The addition of 
other oxides moves the absorption to lower wavenumbers [13]. The UV edge in 
2SiO2. Na2O glass occurs at -33,300 cm', whereas in fused Si02 it occurs at 
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-58,800 cm-'. The absorption becomes a function of non-bridging oxygen ions. 
These are 0' ions which coordinate the modifier cations, breaking up the 
continuous network. Increasing the size of alkali or alkaline earth modifier ions 
shifts the UV edge of silicate glasses to lower wavenumbers [14]. 
The presence of iron, even at parts-per-million (ppm) levels, has a dramatic effect 
upon the UV absorption edge of glass, which shifts to lower wavenumbers with 
increasing iron content [6,15 - 19]. In silicate glasses, the UV edge obeys 
Urbach's rule [20] over the range 27,000 - 32,000 cm' [21]. Urbach's rule can be 
expressed in such a way as shown in equation 4.1.2.1. a. 
A=e (a+bn`) (Equation 4.1.2.1. a. ) 
Where A= absorbance, a and b are constants, and k= wavelength. Both Fee' and 
Fe3+ ions contribute to the UV absorption [15,21]. In oxidised silicate glasses, 
Fe3+ gives the largest contribution due to a strong band centred at 43,500 cm"'. 
The Fe2+ contribution is somewhat weaker and its maximum lies at greater 
wavenumbers than Fe 3+' _50,000 cm' [15,21]. UV charge-transfer absorptions 
due to Fe in glass are typically 10-100 times stronger than the absorptions caused 
by d-d transitions. They are of the type OMCT (Oxygen-Metal Charge-Transfer) 
discussed in chapter 4.1.1.5. 
4.1.2.2. Visible 
In glasses containing iron, visible absorptions tend to be caused by d-d transitions, 
however these transitions can also occur in the UV and near-IR regions. The exact 
characteristics of Fe ion absorptions are affected by glass composition and 
melting conditions, and these are discussed in more detail in chapter 4.1.4. 
Other factors such as the crucible type can also affect the colour of glass: ionic 
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platinum and rhodium give rise to optical absorptions, which can cause the glass 
to appear faintly yellow in colour [13,22 - 24]. The absorptions are generally 
weak, although high lead or barium contents may enhance their strength [22]. For 
Pt4` ions in glass, absorptions were found at -22,000 cm' (very weak spin- 
forbidden) and -27,500 cm' (stronger spin-allowed) [23]. Rh3+ ions caused 
absorptions at -22,500 cm"' and -28,000 cm' [24]. 
4.1.2.3. Near Infra-Red (NIR) 
The near-IR or NIR region encompasses the range of wavenumbers from -13,000 
to -4,000 cm-'. The two main absorptions attributed to Fe2+ ions in glass occur in 
the NIR region [6,19,21,25 - 32]. Vibrational absorptions generally occur below 
4,000 cm"' in silicate glasses. Groups of -OH molecules produce very strong 
absorptions in this region, and transmission generally falls to zero between 3,000 
cm' and 2,000 cm-'. Many borate glasses show an affinity for atmospheric water, 
and react readily with it. Hence -OH absorptions in the NIR are stronger in borate 
glasses than silicate glasses [33]. This may also be partially due to generally lower 
melting temperatures for borate glasses. 
4.1.3. Application of Ligand Field Theory to Fee and Fe3+ Ions in 
Glass 
The chemical properties of the transition metals are more complex than those of 
other elements in the periodic table due to electrons being located in 
incompletely-filled 3d orbitals having different energy levels. Interactions with 
radiation in or near the visible region of the electromagnetic spectrum causes 
electrons to be excited between split 3d orbital energy levels, hence absorption 
bands. The origin of the splitting of these 3d orbital energy levels can be 
described by three models: molecular orbital theory, crystal field theory and 
Chapter 4. Optical Spectroscopy 
ligand field theory. 
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Molecular orbital theory concentrates on exchange interactions and orbital overlap 
between the central ion and the surrounding ligands. Crystal field theory treats the 
interactions between the central ion and its ligands as purely electrostatic in nature 
with the ligands as point negative charges. Ligand field theory closely resembles 
crystal field theory, but introduces the empirical Racah B and C parameters to 
account for covalent bonding interactions. 
Mineralogically it is generally considered that silicates are ionic in nature, and 
thus crystal field theory has often been used to describe transition metals in 
silicate minerals. Ligand field theory has been more commonly used when 
discussing transition metals in glasses since the composition, distortion and 
relative randomness of the structure introduce some covalent character to bonding 
of TM ions therein. 
In the early use of valence bond theory in the form developed by Pauling [34], 
complexes in which the electronic configuration of the TM ion was the same as in 
the free gaseous ion were labelled ionic complexes. Compounds in which the 
electrons were paired as far as possible were termed covalent complexes. These 
terminologies are equivalent to spin states in ligand field theory: 
High spin = Ionic = Weak Field 
Low Spin = Covalent = Strong Field 
Ligand field theory has been used extensively over the years to explain and 
predict optical absorption properties of TM - containing compounds [2 - 5]. It 
should be stressed that ligand field theory is an approximation and cannot predict 
and explain every aspect of TM complex chemistry with complete accuracy. 
A brief mention should be made of molecular orbital (MO) theory, which can be 
used as an alternative method of spectral interpretation. The theory rests on the 
basic assumption that if two nuclei are at equilibrium distance and electrons are 
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added, they will go into molecular orbitals, which are in many ways analogous to 
atomic orbitals. This approach is somewhat more complicated than ligand field 
theory. 
4.1.3.1. Electronic Spectra and Dq 
When the five-fold degeneracy of a 3d orbital is removed by the presence of a 
ligand field, the energy gap between the lower and upper split levels (the t2g and eg 
orbitals) is called IODq or 0, as shown schematically in figure 4.1.3.1. a. The 
parameter IODq or A is known as the ligand field strength. The value of Dq is 
affected by coordination, and it occurs that Dq for a tetrahedral site 4/9 Dq for 
an octahedral site. 
An octahedral field splits the 3d orbitals of TM ions in such a way as to produce 
the lower-level group of three tag orbitals and a higher-level group of two eg 
orbitals, as in figure 4.1.3.1. a. The separation between the two electronic states, 
t2g and eg, increases with increasing ligand field strength. A tetrahedral site 
experiences the reverse situation. The lobes of the eg orbitals now lie between the 
ligands; those of the t2g ligands, whilst not pointing directly towards the ligands, 
lie closer to them. Hence the t2g orbitals are destabilised with respect to the eg 
orbitals. 
The magnitude of Dq can often be measured by analysing the wavenumbers of d- 
d absorption bands. The energy used to excite a 3d electron from one orbital to 
another orbital with higher energy often corresponds to wavenumbers in the 
visible and NIR. This is a very important parameter and can give information on 
the environment and bonding of TM ions. 
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The parameter Dq is affected by several factors: type of cation, type of ligand, 
interatomic distance, pressure, temperature, and symmetry of the ligand 
environment. 
1) Cation and Anion Effects 
The greater the charge on the metal ion, the greater is Dq. Increasing charge 
should cause the ligands to be attracted more strongly to the metal ion, thus 
interacting more strongly with its d-orbitals. Generally Dq is higher for trivalent 
ions than divalent ions: Dq for Fe" and Fe3+ ions in aqueous solutions are 1,040 
cm'' and 1,370 cm-' respectively [5]. The spectrochemical series highlights the 
effects of ligands on Dq: 
V< Br- <C1 <OH-<CO32"<02. <H20<NH3<S032"<N02 <S2"<CN- 
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Transition metal ions with 3d' - 3d' configurations, which include Fe2+ and Fe3+ 
ions, coordinated with ligands at the left of this series usually have high-spin 
configurations. Low-spin configurations tend to exist with anions on the right of 
the series. Iron is usually present in its high-spin form in oxide minerals and 
glasses. The effects of changing anion on iron absorption in glass is highlighted 
by the differences between spectra of Fe" in fluoride glasses [35] and oxide 
glasses [19]. 
2) Metal-Oxygen (M-O) Interatomic Distance 
An inverse fifth-power relationship exists between Dq and the M-O distance, so 
Dq is greatly affected by relatively small variations in the M-O distance. The M-0 
distance is strongly dependent upon both the coordination of the cation and the 
glass matrix. Modem techniques such as X-ray absorption spectroscopy, EXAFS 
and neutron diffraction have been used to estimate the Fe-O distance in various 
silicate glasses [32,36 - 42). As expected from packing restrictions, the Fe-O 
distance is greater with Fe in octahedral sites than in tetrahedral sites. Measured 
Fe"-O distances [37,42] show that in silicate glasses, Fe3+ ions exist mainly in 
tetrahedral sites and the Fei+-O distance is approximately 1.89 A. The octahedral 
Fei+-O distance is approximately 2.18 A. Values falling between these two 
distances can be explained by the presence of some octahedrally coordinated Fe2+ 
ions, and / or by the presence of both tetrahedral and octahedral Fe3+ ions. 
3) Temperature 




LO (Equation 4.1.3.2. a. ) 1ODgTo VT 
where Dqo, Dq1, VO and VT are ligand field splittings and molar volumes at room 
temperature (0) and elevated temperatures (T). Generally V, >V0 so that increasing 
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the temperature causes a decrease in Dq. 
4) Symmetry of the Ligand Environment 
The symmetry of the ligands surrounding a transition metal ion strongly affects 
Dq. For example, according to the simple electrostatic model, the ideal value of 
Dq for a tetrahedral site = 4/9 Dq for an octahedral site. These splittings can be 
further modified by distortion of the coordination site. 
4.1.3.3. Spectroscopic Notation and the Racah Parameters 
A brief discussion of spectroscopic notation is necessary to explain the meanings 
of the nomenclature. Transition metal ions with between two and eight 3d 
electrons have their energies characterised by quantised values of L and S, the 
total orbital angular momentum and total spin momentum, respectively. This type 
of coupling is known as L-S or Russell-Saunders, and only breaks down when 
spin-orbit coupling becomes large. 
Each state is identified by the spectroscopic term: ZS+'L,, where 2S+1 is the spin 
multiplicity (number of unpaired electrons in the configuration, plus one), L is the 
orbital angular momentum such that: 
S P D F G H I ..... 
L= 0 1 2 3 4 5 6 ..... 
and the subscript J denotes total angular momentum. A 3d' ion such as Ti3+ has 
one such term, 2D, but 3d5 and 3db ions such as Fe3+ and Fe 2+ have 16 terms each, 
so the full energy level diagrams for Fee' and Fe 3+ are complicated. The ground 
states for the ligated ions in high-spin octahedral symmetries are denoted by 
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5T2(D) and 6A, (S) for Fe2+ and Fe3+ ions respectively. The bracketed letter is the 
spectroscopic term. 
Energy separations between spectroscopic terms can be expressed by the Racah B 
and C parameters. These are semi-empirical parameters reflecting the covalency 
of bonding. It is common for C/B 4, but by no means the rule. The value of B 
increases with both oxidation state and number of 3d electrons. High valences and 
large numbers of electrons influence cation sizes such that ionic radii decrease 
with increasing oxidation state and fuller 3d orbitals. The Racah B and C 
parameters are often known for free ions, but B always has a lower value in 
inorganic solids than the free-ion state. This implies that when a transition metal 
ion is bonded to ligands in a coordination site, the mean radial displacement of 3d 
electrons increases and the effective charge experienced by the electrons 
decreases. Deviations in B and C from free ion values can therefore indicate the 
covalency of bonding. 
Evaluation of Racah B and C is particularly easy for 3d5 ions (Fe 3+), irrespective 
of coordination. There are two energy levels which are virtually unaffected by 
ligand field, so the energy separations from the ground state are approximately 
constant: 
6A, (S) --* 4A,, 4E(G) =I OB + 5C 
6A, (S) -* 4E(D) = 17B + 5C 
4.1.3.4. Energy Level Diagrams 
The relative energies of the ligand field states can be illustrated on an energy level 
diagram, sometimes called a Tanabe-Sugano diagram. This plots the energy levels 
based on the Racah B and C parameters alone against the strength of the ligand 
field. The parameter Dq for Fe2+ ions in octahedral sites, Dq(Fe2+J, can be easily 
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evaluated by measuring the position of the only spin-allowed transition, T2(D) --* 
SE(D). This usually occurs near 10,000 cm ' in silicates. Hence Dq for Fe2+ in 
tetrahedral sites, Dq(Fe2+J, can be estimated by applying the rule Dgtetmhedm, = 4/9 
* D4octahedral9 giving an expected wavenumber of - 4,500 cm''. 
For Fei+, the configuration is 3dt and the same Tanabe-Sugano diagram applies 
irrespective of coordination since the energy levels are the same for both 
octahedral and tetrahedral coordinations. 
Tanabe-Sugano diagrams best highlight the relationship between Dq and the 
wavenumbers at which transitions occur. As discussed in chapter 4.1.3.1., the 
ligand field strength 1ODq = 0, hence Dq is one-tenth of the ligand field strength. 
Figure 4.1.3.4. a. shows a Tanabe-Sugano diagram for Fe2+ (3d6). A change in 
spin-state for an atom in its ground state occurs at the critical ligand field value of 
DqB = 2. Below this value, Fe2+ ions exist in the high-spin state. For silicate 
glasses only the high-spin case is relevant. The exact predicted transition 
wavenumbers depend on DqB. 
For Fe 3+ ions some transitions are independent of ligand field, and appear as 
horizontal lines on the diagram. Other transitions are strongly affected by ligand 
field. Figure 4.1.3.4. b. illustrates the manifestation of particular transitions in 
optical spectra of Fe 3+ ions in yellow sapphire, from [5]. 
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Figure 4.1.3.4. a. Tanabe-Sugano Diagram for Fe 2+ in Octahedral Coordination, 
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Figure 4.1.3.4. b. Tanabe-Sugano Diagram for Fe3+ and Corresponding 
Absorptions in Yellow Sapphire, from Bums [5]. 
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4.1.4. Optical Spectroscopy of Iron in Glass 
02, Ae, ) 
(t )"'(e8)2 
Optical absorption spectroscopy has been extensively used for the investigation of 
Fe in glasses and minerals. In this way a large amount of data on Dq, Racah 
parameters, coordination and environment has been acquired. Using Tanabe- 
Sugano matrices it is possible to predict the wavenumbers at which absorption 
bands occur. It is also possible to obtain estimates of the values of Dq and the 
Racah B and C parameters in different glasses by observing the absorption bands. 
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4.1.4.1. Fe" d-d Absorptions 
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Only one spin-allowed transition is expected for Fe", corresponding to the 
5T2(D)-*5E(D) transition for octahedral sites and SE(D)->ST2(D) for tetrahedral 
sites. These are expected to occur at -10,000 cm-' and -4,500 cm"', respectively 
[19,25,28]. The octahedral band at -10,000 cm' is particularly wide and 
asymmetric. This is mainly due to the range of distortions of the octahedral Fe 2+ 
sites. The asymmetry may be caused by the dynamic Jahn-Teller effect (see 
chapter 4.1.1.7. ). Mathematical fitting and observation of spectra has revealed the 
presence of just such a band [6,19,27,29]. Other transitions predicted for Fe 2+ 
should occur in the blue visible and near-UV. Transitions include ST2(D)->3T, (H) 
and ST2g-> 3T2(H), which occur at -20,000 cm-' and -22,200 cm' in Fe 2+(H20)6 
[5]. These and other spin-forbidden Fe 2+ transitions have generally been ignored 
in glass research since they are expected to be very weak. The predominance of 
Fe3+ ions in oxidised glasses also means that the stronger Fe3+ absorptions in this 
region obscure the spin-forbidden Fe 2+ bands. Two absorptions due to Fe 2+ were 
found in a silicate glass at 23,250 cm-' and 25,000 cm' [43]. 
Racah parameters for Fe2+ ions in glasses have not been widely discussed or 
investigated. The free-ion values B= 917 cm-' and C= 4040 cm-' have been used 
by some workers, but in complexes B and C are decreased from their free-ion 
values due to partially covalent bonding [4,5]. It is likely that B< 900 in silicate 
glasses. 
The Fe" ion has an ionic radius of 74 pm. Geometrical constraints suggest it will 
occur in octahedral sites in glasses [44]. There is strong evidence from a number 
of different techniques, however, that tetrahedral Fe" ions do exist in many 
systems [6,17,19,29 - 32,36,41,45 - 49]. The ratio of tetrahedral Fe" to 
octahedral Fe 2+ in silicate glasses is generally small. X-ray absorption work on 
silicate glasses showed about 15 % of the Fe2+ ions to be in tetrahedral sites with 
the remainder in octahedral sites [36]. Optical spectroscopy of various silicate 
glasses indicated that less than 5% of Fe 2+ ions were tetrahedrally coordinated 
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[29,30,45]. Tetrahedrally coordinated ions absorb 10 - 100 times more strongly 
than octahedrally coordinated ions, hence the number of Fe" ions causing the 
absorption at -4,500 cm"' is likely to be small. There has been much debate over 
the origin of this band. Many workers [6,17,19,31,45,29,30,32] have 
attributed it to the SE(D)->5T2(D) transition of Fe 2+ ions in distorted tetrahedral 
sites. Irradiation with x-rays led to a similar conclusion [47]. The possibility of 
this band being caused by a site distortion of octahedral sites has also been 
discussed [25,27,28,50]. 
4.1.4.2. Fe3+ d-d Absorptions 
Fe3+ is a 3d5 ion, and direct evaluation of Dq from the absorption spectrum is not 
easy because all transitions are spin-forbidden (see chapter 4.1.1.3. ). There is, 
however, much information on Fe" parameters in the literature, some of which 
are reproduced in table 4.1.4.2. a. Free-ion values are B= 1015 cm-', C= 4800 cm" 
There has been much debate regarding the coordination of Fe3+ ions in glass. Most 
of those who have studied this with optical techniques agree that both octahedral 
and tetrahedral Fe3+ ions can occur in silicate glasses, with the majority being 
tetrahedral [18,19,21,25,26,31,51 - 56] although some EXAFS work has 
suggested that Fe3+ ions are largely octahedrally coordinated in sodium silicate 
glasses [38,39]. 
Data in table 4.1.4.2. a. represents a wide range of Fe3+ environments. Data for 
glasses which are close in composition to those studied in this work [4,19,51,56, 
58,61] suggest the approximate values shown after table 4.1.4.2. a. 
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Table 4.1.4.2. a. Fe3+ Parameters from Literature 
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Reference Coordination Dq / cm"' Racah B Racah C 
/cm'' /cm"' 
[57] - 1600 - - 
[9] OCT 1400 - - 
TET 620 - - 
[58] - 1230 720 - 
[59] - 1400 540 3410 
- 1532 590 3490 
- 1541 560 3510 
- 1595 610 3470 
[60] - 1151 788 2907 
[56] OCT 1278 730 - 
TET 568 730 - 
[51] OCT 1400 600 3300 
TET 900 520 3570 
[19] OCT 1370 - - 
TET 672 - - 
[5] Various 1000-1500 500-700 - 
[61] OCT 1050 715 2262 
TET 660 867 2023 
[4] OCT 1230 720 - 
TET 550 720 - 
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Literature on specifically silicate glasses suggests the following range of values: 
Dgo, cahedral ^ e 1,200 - 1,400 cm-' 
Dgtehed, a, 500 - 
900 cm"' 
Racah B 500 - 700 cm' 
Racah C 3500 cm"' 
Interpretation of the 3d5 (Fe 3) energy level diagram is strongly dependent upon 
the values of Dq and B. Hannoyer et al [51], in a detailed study of Fei ions in 
soda-lime-silica glass, gave the interpretation shown in table 4.1.4.2. b. 





6A, (S) -ý 4T, (G) 16,800 11,200 
6A, (S) -* 4T2(G) 20,500 15,600 
6A, (S) -ý 4E,, 4A, (G) 23,000 22,500 
6A1(S) --ý 4T2(D) 24,200 24,300 
6A, (S) -ý 4E(D) 26,600 26,600 
Optical Parameters 
Dq / cm' 900 1,400 
B/ cm ` 520 600 
C/ cm' 3,570 3,300 
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Bands such as those for the lowest energy Fe" transition, 6A, (S)-*4T, (G) are 
usually not directly observed by absorption spectroscopy because they are 
obscured by stronger Fe" bands. So how do we know a) that they exist, and b) in 
which part of the spectrum they occur? The answer is in two parts. Firstly, the 
bands have been observed in many materials, for example in several polymorphs 
of Fe203 and FeOOH [59], and these band positions fit very well with those in 
table 4.1.4.2. b. Secondly, some bands can be observed with luminescence 
spectroscopy, and this is discussed further in chapter 4.1.4.3. 
4.1.4.3. Luminescence of Fe 3+ Ions 
The energy of an electronically excited state may be dissipated in a number of 
ways. Non-radiative decay is a common loss mechanism, where the excess energy 
is transferred into thermal energy (phonons) affecting the vibration, rotation and 
translation of surrounding atoms or ions. Radiative decay (luminescence or 
fluorescence) occurs when the energy loss is achieved by emission of a photon of 
light, which happens when the energy difference between the excited and ground 
states is too great to achieve relaxation by phonons alone. Luminescence occurs at 
lower wavenumbers than absorption because the radiation is emitted after some 
vibrational energy has been lost to the surrounding molecules. This effect is called 
the Stokes shift. Luminescence spectroscopy is particularly useful for studying 
absorptions which cannot easily be measured with absorption spectroscopy. 
The main expected luminescence from Fe3+ ions is due to the transition from the 
first excited state to the ground state, 4T, (G) --> 6A, (S). Luminescence of Fe3+ has 
been investigated in various crystalline inorganic hosts: LiA15O8 [62,63], LiGa5O8 
[63], a-Ga203 [62], NaAIO2 [62], y-A1203 [62], y-AIF3 [64] and zeolites [62]. In 
these crystalline hosts, the 4T, (G)--*6A, (S) transition of tetrahedral Fei ions 
produces luminescence in the red part of the visible spectrum (13,000 - 15,500 
cm'). The 4T, (G)-*6A, (S) transition of octahedral Fe 3+ ions is expected to produce 
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luminescence at lower wavenumbers (11,000 - 12,000 cm'). 
Luminescence of Fe3+ ions in various oxide glasses has been investigated by 
researchers at Pennsylvania State University: sodium and calcium phosphates 
[65], sodium silicates [25], lithium silicates [66] and sodium and potassium 
aluminosilicates [55]. Another research group has investigated borosilicates [67]. 
The lowest excited states of Fe3+ in oxide glasses were found to occur at 14,000 - 
16,000 cm-' for tetrahedral Fe'+[25,54,55,65 - 67] and at -11,500 cm" for 
octahedral Fe3+ [25,65]. 
The effects of glass composition on the environment of Fe3+ ions can be analysed 
by changes in luminescence band wavenumbers. Comparison of band positions 
from the literature suggested that for tetrahedral Fe3+ ions, Dgte, 800 cm-', and 
for octahedral Fe3+ ions, Dqc, Ae 1250 cm-'. The luminescence band was shifted to 
greater wavenumbers by increasing the size of the alkali ion, from 14,000 cm' in 
lithium silicates [66] to 14,600 cm' in sodium silicates [25], and from 14,500 cm-' 
in sodium aluminosilicates [55] to 14,900 cm"' in potassium aluminosilicates [55]. 
Stokes shifts of 1400 - 1700 cm' were attributed to these luminescences [25,55, 
65]. Since the 4T, (G) level has a strong negative slope on the 3d5 Tanabe-Sugano 
diagram, the wavenumbers of absorption and emission decreased with increasing 
ligand field strength, Dq. It can therefore be inferred that increasing the size of the 
alkali ion lowers the ligand field strength of the Fe3+ coordination complex. 
Platinum in lead silicate glasses exhibits luminescence [68]. At ambient 
temperatures the luminescence spectrum was approximately flat from 16,700 - 
13,300 cm'. This fact coupled with the weakness of the luminescence suggests 
that the presence of Pt complexes in iron-containing glass would not appreciably 
affect the Fe3+ luminescence spectra. 
It is assumed that all the luminescence data in the literature was corrected for the 
response of the systems used to measure the spectra. 
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4.1.4.4. Charge-Transfer Absorptions and the Effects of Iron 
Concentration 
The UV absorption edge is influenced by both glass composition and iron content. 
OMCT bands discussed in chapter 4.1.1.5. occur at approximately 43,500 cm-' 
and 50,000 cm-' for Fe3+ and Fe2+ ions, respectively [19,21,52]. The extinction 
coefficient is greater for the Fei+-O interaction than Fe"--O interaction [211, 
therefore a shift in redox toward the reduced state decreases UV absorption and 
shifts the UV edge to higher wavenumbers. The UV edge exhibits an exponential 
relationship [6,19,21,52], and the strength of OMCT bands increase more 
rapidly than d-d transitions as the iron content increases. For this reason the UV 
edge occurs at lower wavenumbers with increasing iron content [6,16 - 19]. 
Figures 4.3.3. a. and 4.3.3. b. show typical spectra of glasses containing increasing 
amounts of Fe, illustrating the characteristics discussed above. 
Increasing the iron content of glass also leads to intervalence charge-transfer 
bands (see chapter 4.1.1.5. ) and possibly spin-coupling bands (see chapter 
4.1.1.4. ). The presence of IVCT bands has been suggested in iron-containing 
glasses [31], and has been observed by computer fitting of spectra of iron lead 
silicate glasses [6]. Spin-coupling bands have been demonstrated in minerals (see 
chapter 4.1.1.4. ). Both IVCT bands and spin-coupling bands have been found at 
visible wavenumbers [5,6]. 
Increasing iron content naturally leads to stronger absorption. When Beers' Law 
applies, the absorbance of d-d bands increases linearly with increasing iron 
content. The exponential relationship which explains the behaviour of the UV 
edge means that as iron content increases, the UV edge moves to lower 
wavenumbers, obscuring some weaker d-d transitions. This effect may be 
compounded by the appearance of bands due to IVCT and / or spin coupling in 
the visible. 
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4.1.4.5. Coordination and Redox 
60 
Intensive work on iron in glasses comprising a wide range of compositions, redox 
ratios and iron contents, has shown that in general a mixture of Fe2+ and Fe3+ ions 
are present in 4-coordinated tetrahedral network-forming (nwf) sites and 6- 
coordinated octahedral network-modifying (nwm) sites [10,18,19,25,26,28,32, 
36 - 39,41,45,51,52,56]. For silicate glasses, the vast majority of Fe2+ ions 
occupy octahedral sites, whilst there is a mixture of both tetrahedral and 
octahedral Fe3+ ions. 
The possibility of 5-coordinated Fe ions in glass was briefly discussed in chapter 
2.3. 
The effects of redox have been discussed in detail in chapter 2.2. Optical spectra 
can be strongly affected by redox, since Fee' and Fe3+ exhibit different absorption 
characteristics (see chapters 4.1.3. and 4.1.4. ). To the human eye, an oxidised 
iron-containing glass appears green, whereas a more reduced sample appears more 
blue. This is because the reduced sample absorbs more red light than the oxidised 
sample due to the stronger Fee' band in the near-IR. 
4.1.4.6. Extinction Coefficients 
The extinction coefficient, c, also known as the absorption coefficient a, remains 
constant for a given system in the concentration range in which Beer's law 
applies. Extinction coefficients of Fe" and Fe3+ in glass are affected by changes in 
coordination: a change in the proportion of tetrahedral and octahedral site 
occupancies causes a change in extinction coefficient. Values of c(Fe3+) = 4.1 1 
mol"' cm"' at 26,300 cm' and c(Fe2+) = 31.7 1 mol"' cm"' at 9090 cm"' were found 
in Si02-Na2O-CaO glasses [69]. In calcium aluminoborosilicate glasses, E(Fe2+) = 
17.7 1 mol' cm-' at 9435 cm"' [70]. The differences are attributable to differences 
between glass matrices. Extinction coefficients shown in table 4.1.4.6. a. were 
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calculated for eight gaussian bands fitted to the spectrum of a Si02 - Na2O - CaO 
glass containing < 0.8 weight % Fe203 [71]. 
Table 4.1.4.6. a. Extinction Coefficients of Computer Fitted Absorptions from [71] 









It has been suggested that the breakdown of the selection rule which gives rise to 
the high values of c(Fe2+) relative to crystalline compounds [4], may arise for 
structural reasons which cause static distortion of the octahedral environment 
[72]. 
Duran et al [73] found a linear decrease in E(Cu2+) with increasing ionic radius of 
alkali ion in 30 R20-70 SiO2 glasses. Although the alkali ions incorporated in the 
glass break up Si-O-Si bonds, the distortion produced in the network depends 
upon the size and polarising power of the cation, say the authors. The smaller the 
alkali ion, the more easily it is accommodated in the network and the smaller the 
distortion of the network. On the other hand, a cation with a high field strength 
will exert an ordering effect over neighbouring oxygens and it is therefore 
possible to predict that, for a constant alkali content the distortion increases with 
increasing field strength and decreasing polarisability of the alkali cation. In terms 
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of c(Cu2+), an increase in its value implies a greater order and stability of the 
network [73]. 
4.1.4.7. Effects of Composition 
The interconnection of properties of iron in glass is highly intricate and thus 
cannot be explored fully by the scope of this work. For example, coordination and 
redox of Fe have been shown to be affected by one another in several silicate 
glasses [74,75]. Similarly, Fe-O distances are interwoven with coordination, glass 
composition and redox. These phenomena, amongst several others, present 
difficulties with data interpretation. So many variables exist that when a single 
variable is studied, it may emerge that several other variables come into play. For 
example, replacement of MgO by CaO in a simple glass may seem like a small 
change; however this will affect redox, coordination, environment, extinction 
coefficients, etc. Each of these variables may in turn affect others, and so on. 
4.1.4.8. Effects of Different Glass Formers 
Many of the effects due to different network-forming ions on optical spectra of 
transition metals in glass have been covered by Fanderlik [10], and the reader is 
referred to that work for further details. Within oxide systems, Fe has been widely 
studied in silicate, borate and phosphate glasses. Several differences exist between 
these systems. For example Fe2+ ions absorb much more strongly in silicate 
glasses than in borate glasses and the Fe2+ absorption found near 10,000 cm' in 
silicate glass occurred at higher wavenumbers in a borate glass [21]. The UV edge 
was much stronger in the borate glass, and obscured the Fe3+ d-d transitions found 
in silicate glasses at >20,000 cm 1. It was suggested that colloidal dispersions may 
be partly responsible for this. Differences in optical parameters of particularly Fe3+ 
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ions in different glass systems are evident from the literature [60,18,45,26,27, 
21,19,57]. Comparison of band fitting work in silicate [19] and phosphate [60] 
systems shows many differences. The UV edge occurs at higher wavenumbers in 
the phosphate systems, and absorption bands due to Fe 3+ occur at higher 
wavenumbers. For example, the 6A, g -- 
4Eg transition, which is unaffected by 
ligand field, occurs at 28,500 cm' in phosphate glasses [60], but at 26,300 cm'' in 
silicate glasses [19]. Other transitions of Fe3+ are similarly affected. Similar 
differences in band positions were found for Cu" ions in silicate, borate and 
germanate glasses [76]. 
It is well documented that Fe2+ and Fe3+ occur in octahedral sites in phosphate 
glasses [18,27,60,77], so spectral differences from silicates can be expected. 
Redox changes brought about by differences in composition also affect optical 
spectra. Iron in silicate glasses occurs in both redox states, with a typical Fe2+ 
content being 20% of the total Fe in float glass. 
4.1.4.9. Effects of Different Glass Modifiers on Spectra 
The position of the absorption band near 10,000 cml due to octahedral Fe2+ ions 
in silicate glasses is strongly affected by composition [25 - 27,78,79]. Other 
transition metal ions show similar behaviour [10,76,80,81]. These changes in 
band position indicate changes in the values of Dq, B and C. 
The position of the main Fe2+ absorption in alkaline earth phosphate glasses 
occurred at -9,000 cm"' [27,79]. The peak position moved to smaller 
wavenumbers in the series Mg < Ca < Ba [27,79]. A linear relationship was 
established between cation field strength of the alkaline earth ion and Fe2+ band 
position in these glasses [27]. It was asserted that the modifier cation was 
expected to reduce the ligand field strength of the oxygen ligands and that this 
effect would be greatest for the cation with the greatest polarizing power, namely 
Mgt+. Hence the band would move to lower wavenumbers as the cation field 
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strength of the alkaline earth decreased. In ternary alkali-alkaline earth silicate 
glasses, the opposite occurs: with increasing field strength of alkali and / or 
alkaline earth ion, the peak position of the peak near 10,000 cm"' moved to higher 
wavenumbers [78]. Possible explanations explored by these workers for the 
movement of the band were changes in the number of non-bridging oxygens and 
medium-range order effects due to modifier cations. Non-bridging oxygens 
(nbo's) are bonded to one network-former and one network-modifier, hence they 
do not form bridges between glass-forming ions such as Si°+ 
The value of Dq increases linearly with the number of non-bridging oxygens 
(nbo's) in silicate glasses [54,78]. In alkaline earth phosphate glasses, Dq 
increased linearly with alkaline earth ionic radius [54]. In both cases the largest 
values of Dq were found in glasses with the largest interstitial sites and the most 
open structure, as would be supplied by larger network-modifying ions or more 
nbo's. This agrees with work on phosphate glasses [27], but does not apply to 
silicate glasses [78], where increasing cation field strength of the modifier moves 
Dq(Fe2+) to higher values. Similar findings have been reported for Cu" in silicate 
and germanate glasses [76]. 
In sodium silicate glasses, the peak wavenumber of the Fe2+ bands at -4,500 cm' 
and -10,000 cm-' changed with increasing Na2O content such that the former peak 
moved to lower wavenumbers whilst the latter increased in peak wavenumber 
[25]. Greater Si-O bond lengths occurred with increased Na2O content. It was 
postulated that this caused the effective negative charge on oxygen ions to 
increase, hence the stronger ligand field experienced by Fe2+ ions. At low Na2O 
contents, Fe 2+ ions were said to occupy somewhat larger sites dictated by the size 
requirements of the Na+ ion. As the glass becomes more depolymerised, increased 
flexibility of the non-bridging bonds permits Fe 2+ to assume an octahedral 
coordination polyhedron appropriate to its ionic size. Thus Dq for Fe 2+ in high- 
Na20 glasses is very close to its value in crystalline Fe2+ compounds. 
Shifts of absorption peaks were found for Cu2+ in alkali silicate glasses [73,76]. 
An approximately linear relation was found between the ionic radius of the alkali 
cation and the peak frequency of the main Cu2+ absorption near 13,000 cm', such 
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that increasing ionic size resulted in lower peak frequencies [76]. Similar results 
were found by Klonkowski [80] for Cu" in alkali aluminosilicate glasses. Mixed- 
alkali glasses showed deviations from linearity in terms of peak frequency. This 
was attributed to the alkali-oxygen bond being more ionic than expected. Alkali 
germanate glasses behaved similarly to alkali silicates [76], but different alkali 
ions in alkali borate glasses had no effect on Cu" peak position [73,76]. It was 
suggested the discrepancy is caused by the fact that the addition of alkali ions to 
silicate and germanate glasses introduces non-bridging oxygens. These are 
subjected to the influence of alkali ions. There is a good chance that the Cu" ions 
are coordinated by such non-bridging oxygens, and the effects of a particular type 
of alkali will be evident. On the other hand, the addition of alkali ions to borate 
glasses causes changes in boron coordination from 3 to 4, and therefore does not 
necessarily introduce non-bridging oxygens. The bridging oxygens' do not directly 
reflect the type of alkali ion, so the coordination of Cu" ions by these oxygens 
does not greatly affect spectral positions [76]. 
Combes et al [78] found that the peak frequency of the main Fe" absorption band 
near 10,000 cm' changed dramatically with composition in a number of silicate 
glasses. Decreasing Si02 content resulted in a large increase in peak frequency. A 
plot using cation field strength, Z/a2, of the various cations showed an 
approximately linear relation between peak wavenumber and FS (alkali + alkaline 
earth) / FS (Si + Al). To quote their work, "More polymerised glasses, which 
contain more SiO2, have a higher number of bridging oxygens. The oxygens as 
first neighbours to Fe 2+ are mainly bridging oxygens. They carry a smaller 
effective charge, hence the ligand field experienced by Fe2+ is smaller and 
absorption moves to lower energies. " 
Variation of Dq and B with different glass compositions for various transition 
metal ions was discussed by Nelson and White [82]. It was found that in each case 
Dq and B were remarkably constant across the compositional range of sodium 
silicate glasses. This is somewhat at odds with the results of White & Knight [54]. 
The ligand field parameters illustrate two types of behaviour, say Nelson and 
White [82]. In the first case, the value of Dq is in the same range as in oxides and 
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hexaquo complexes. Since Dq varies with (RM_o)"S, the small shifts observed 
indicate that the transition metal-oxygen distances are not very different from 
those expected from the ionic radii. On the other hand, Racah B is much smaller 
than the free ion value, indicating substantial covalent bonding. The second type 
of behaviour is exhibited by transition metal ions for which the Dq values are 
depressed from that of a hexaquo complex, but the Racah B value is closer to the 
free ion value. The interpretation of this pattern is that the transition metal ions are 
in an environment where the metal-oxygen distances are larger than those in the 
reference compounds, and there is little covalent interaction between the transition 
metal ion and the oxygen ligands. 
4.2. Optical Techniques - Principles of Operation 
4.2.1. Optical Absorption Spectroscopy 
Optical absorption spectroscopy involves passing a beam of light through a flat, 
polished sample of glass. By comparing the transmitted light with the incident 
light (with use of a reference beam) over a specified wavelength range, the 
absorption characteristics of the glass can be measured. The strengths, positions 
and widths of these absorption bands can give important information on the 
environment, coordination and redox of the Fe ions in the glass. 
4.2.2. Photoluminescence (PL) Spectroscopy 
Photoluminescence spectroscopy measures emission of light (in this case Fe3+ ions 
in glass samples) following excitation by high-energy light of a very narrow 
energy range, provided by a laser. Relaxation of Fe3+ ions from an excited state to 
the ground state takes place by emission of phonons (heat) or photons. Phonons 
are emitted as relaxation occurs in the upper excited states, but the energy gap 
between the lowest excited state of Fe3+ and the ground state is too great to permit 
relaxation by phonon emission. Instead, photons of light are emitted. In this study 
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the transition being stimulated occurs in the visible region, and thus the glass 
glows faintly red when excited. By measuring the amount of light emitted by the 
sample over a range of energies, information could be gained which optical 
absorption spectroscopy could not provide. The transition being excited was a 
weak spin-forbidden transition due to Fe". It occurs in absorption in a region 
where it is totally obscured by the tail of the much stronger Fe" absorption in the 
near-IR region. Luminescence spectroscopy has thus provided information on the 
bonding and environment of the Fe" ions associated with this emission. 
4.3. Results 
4.3.1. Iron-Free Glass 
Figure 4.3.1. a. shows the optical spectra of the nominally iron-free glasses melted 
in Pt-2% crucibles. The absorption band centred at -27,800 cm"' was present in all 
four of these glasses (samples 1- 4). This band was most intense in sample 4, 
which contains BaO as the alkaline earth oxide. This glass was tinged a straw 
yellow colour. 
Three glasses of the type SiO2-BaO-R20 (samples 5-7) were melted in mullite 
crucibles. Figure 4.3.1 . b. shows their optical spectra. These melts were not stirred, 
and the resulting glasses contained a little inhomogeneity. 
The slight change in measured absorption at -12,000 cm-' was due to a lamp or 
grating change in the spectrometer, but the change in measured absorption was 
negligible. 
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Figure 4.3.1. b. Optical Spectra of Si02-R20-BaO Base Glasses (Samples 5- 7) 
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The absorption band at -27,800 cm"' in the glasses from Pt-2%Rh crucibles was 
absent from the glasses melted in mullite crucibles. Inductively-charged plasma 
(ICP) analysis was conducted on two base glasses; Si02-Na2O-MgO and Si02- 
Na2O-BaO (samples I and 4 respectively). Results are shown in table 4.3.1. a. This 
was done in order to detect any impurities which may have explained the 
absorption bands present in glasses melted in Pt-2%Rh crucibles but not present 
in those melted in mullite crucibles. Very low levels of Pt were detected in both 
samples, however the yellow sample gave readings of Rh and Fe which were 
below the detection limit for this technique, effectively making these readings 
zero. 
Table 4.3.1. a. ICP Analysis of Base Glasses Melted in Pt-2%Rh Crucibles 
Sample Pt weight % 
± 0.0005 




Na2O-MgO (clear) 0.00274 0.0017 0.04 
Na20-BaO (yellow) 0.00186 < 0.0005 < 0.02 
4.3.2. Glass Containing 0.2 Molar % Fe203 
All the glasses could be poured when molten at 1450°C. There were large 
differences in viscosity (rl) between samples of different composition. No 
quantitative measurements of il were made, but the following general points were 
noted whilst melting and pouring the glasses: 
i) r) increased with relative molecular mass of substituting alkali oxide such that 
Li2O< Na20 < K20 < Rb20 < Cs20. 
ii) il decreased with relative molecular mass of substituting alkaline earth oxide 
such that MgO > CaO > SrO > BaO. 
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iii) il decreased as the Fe203 content of the glass increased. 
4.3.2.1. X-Ray Diffraction (XRD) 
70 
Glasses of the System Si02-Li20-RO where R= Mg, Ca and Sr were opaque, so 
X-Ray Diffraction (XRD) was used to determine whether this was due to 
crystallisation. Some samples containing 5 molar % Fe203 were also analysed to 
determine if any crystalline phases occurred at high Fe203 contents. 
All samples gave spectra equivalent to figure 4.3.2.1. a., which shows sample 10, 
Si02-Li20-MgO, the most severely opaque glass. 
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4.3.2.2. Density and Concentration 
Measured densities are given in appendix B, table B I. These measurements were 
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made to facilitate calculation of extinction coefficients and to estimate the 
Fee+/EFe ratio from optical spectra. Figures 4.3.2.2. a. and 4.3.2.2. b. both highlight 
the effects of glass composition on density. Density remains largely unchanged 
for alkali ions smaller than Rb. Indeed, density actually decreases very slightly 
between Li and K, before rising sharply through Rb and Cs. This trend occurred 
for all types of alkaline earth ion. 
The unique behaviour of MgO is illustrated well in figure 4.3.2.2. b., and shows 
that regardless of alkali type, the molar volumes of Mg glasses are higher than 
corresponding Ca glasses. Despite this, density increases linearly in the order Ca 
<Sr<Ba. 
Figure 4.3.2.2. a. Densities of 0.2 % Fe203 Glasses Plotted vs. Alkali Ionic Radius 
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Volume concentrations of total Fe calculated as Fe203 were calculated from 
density measurements and batch calculations. It was assumed that nominal 
composition = actual composition, i. e. that there were no losses due to 
volatilisation during melting. Figure 4.3.2.2. c. shows calculated volume 
concentrations for each sample. Over the compositional range studied, 
concentration of Fe203 varies between - 0.09 mol/l and - 0.065 mol/l, a change of 
over 25 %. This means that for glasses containing equimolar concentrations of 
Fe203, large differences in actual iron concentration per unit volume can occur 
which depend on the base glass composition. 
The volume concentration of Fe203 decreases with increasing alkali size. The 
linear relationship shown in figure 4.3.2.2. b. linking Ca, Sr and Ba regardless of 
alkali type also occurs when considering concentration of Fe203. Once again, 
MgO glasses do not obey this trend but actually contain a lower concentration of 
Fe203 than comparable CaO glasses due to their voluminous structure. 
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4.3.2.3. Optical Spectra 
Systematic reproduction of optical absorption spectra of all the glasses in this 
series is in order of increasing average alkali size. Spectra are shown in figures 
4.3.2.3. a. to 4.3.2.3. f. 













Figure 4.3.2.3. a. SiO2-Li2O-BaO-0.2 % Fe2O3 Glass (Sample 15) 
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4.3.2.4. Si02 Partial Replacement 
77 
In this small study a standard Si02-Na2O-CaO-0.2% Fe203 glass based on sample 
24 was used. It contained 64.8 molar % Si02 instead of 69.8%. The remaining 5 
% was provided instead by A1203, B203, and Ge02. Optical spectra are shown in 
figure 4.3.2.4. a. 
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4.3.2.5. Silicate and Borate Glass 
One glass based largely upon B203 was made (sample 62), of composition (molar 
%) 74.8 B203 - 20 Si02 -5 Na20 - 0.2 Fe203, and analysed using optical 
spectroscopy. By comparing the spectrum with that of a typical silicate glass 
(sample 24), of composition (molar %) 69.8 Si02 - 15 Na20 - 15 CaO - 0.2 Fe203, 
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it can be seen from figure 4.3.2.5. a. that the spectra are very different. 
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4.3.2.6. UV Edge - Effects of Composition and Redox 
Two sets of glasses of composition Si02-Na2O-RO-0.2 molar % Fe203 (R = Mg, 
Ca, Sr, Ba) were melted in a gas furnace (Gas 2 in melting conditions, see chapter 
3.1.4. ), with the aim of producing two glasses of each composition, but with 
different redox states. This was done by adding 0. Ig of carbon powder to the 
batch for one glass of each composition. Samples for optical spectroscopy were 
prepared by the workshop at Pilkington, where the glasses were also melted. 
Samples 22,23,27,28,30,31,34 and 35 were prepared in this way. It was 
possible to produce optical samples of exactly equal path length, so accurate 
investigation of the effects of redox on the UV edge was possible. This was done 
by plotting the absorbance of the UV edge at a given wavenumber, in this case 
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29,000 cm'', as shown in figure 4.3.2.6. a. Points are plotted against optical 
basicity, i. e. Mg, Ca, Sr, Ba from left to right. 
Figure 4.3.2.6 a. Absorbance of UV Edge at 29,000 cm"' in Oxidised and 
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4.3.3. Glass Containing 0.1- 5 Molar % Fe203 
Studies were made on the effects of different iron contents on a range of glass 
compositions: 
" Si02 - Na2O - CaO (0.1,0.2,0.5,1,2,3,4,5) % Fe203 
0 Si02 - K20 - CaO (0.2,1,2,3,4,5) % Fe203 
Figures 4.3.3. a. and 4.3.3. b. show spectra for the series with Na2O as alkali. These 
figures show that the shape of the spectrum, as well as the strength of absorption, 
changes with increasing Fe203 content. Absorption in the visible and near-UV 
regions becomes stronger relative to the broad peak near 10,000 cm"'. The glass 
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absorbed more strongly with increasing iron content, and it was necessary to take 
thinner sections for optical spectroscopy. The colour of these sections changed 
from green at lower iron levels, to a more amber colour with higher iron levels. 
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Figure 4.3.3. b. Si02-Na2O-CaO Glasses Containing I-5 Molar % Fe203 
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4.3.3.1. Glass Containing 5 molar % Fe203 
81 
Studies were made on a range of glass compositions containing 5 molar % Fe203: 
" Si02 - Na20 - RO (R = Mg, Ca, Sr, Ba) - see figure 4.3.3.1. a. 
" Si02 - R20 - BaO (R = Li/Na, Na, K, Rb, Cs) - see figure 4.3.3.1. b. 
Absorbance values for the 5% Fe203 samples are lower than for 0.2 % Fe203, 
since slight differences in path length and sample geometry become more 
important. 
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4.3.4. Melting Time and Temperature of Measurement 
4.3.4.1. Melting Time 
A brief investigation of some of the effects of melting time was undertaken. This 
was to ensure that glasses melted under the standard schedule were sufficiently 
close to redox equilibrium. If they were not, it would introduce inaccuracies into 
comparisons of redox data between different samples. 
Three glasses of the same composition were melted: Si02-Na2O-CaO-0.2% Fe203 
(samples 24 - 26). Melting times for all glasses included Ih batch-free time 
followed by 2h, 5h and 2lh melting. Optical spectra are shown in figure 4.3.4. l . a. 
It was only possible to perform wet chemical redox measurements on one of the 
samples. The redox state in all of the glasses was determined by comparing the 
optical absorption spectra, and in particular the intensity of the absorption due to 
Fe 2+ ions at -10,000 cm-1. 
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The bands at 26,300 cm-1 and 10,000 cm-1 have been attributed to Fe3+ and Fe 2+ 
ions, respectively (see chapter 4.1.4. ). The absorbance of the peak at -10,000 cm- 
' is virtually the same for the 6h and 22h samples, whereas it is noticeably lower 
in the 3h sample. Likewise, the peak near 26,300 cm-1 is stronger in the 3h sample 
than the other two. Computer modelling was carried out on these spectra, the data 
for which is in appendix B, table B4. Figure 4.3.4. l. b. shows the fitted absorption 
peak intensities which confirmed that Fee*/EFe was lower in the 3h sample, and 
that it was approximately equal in the 6h and 22h samples. 
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Figure 4.3.4.1. b. Intensities of Computer Modelled Absorption Bands of Si02- 
Na2O-CaO-0.2% Fe203 Glass with Different Times of Melting 
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4.3.4.2. Measurement Temperature 
10,000 
Several spectra were recorded at -77 K in an attempt to improve the resolution. 
By removing vibrational modes, it was hoped that broadening, especially of the 
absorption near 10,000 cm', could be reduced. A cryostat containing the sample 
was placed in the beam path of the spectrometer. The cavity of the cryostat was 
pumped to a high vacuum by rotary and diffusion pumps. Liquid N2 was then 
poured into the cavity, which cooled the sample by conduction to -77 K. Spectra 
were then measured. 
Spectra were virtually unaffected by temperature, so have not been reproduced 
here. These results showed that the vibronic coupling interactions have little 
broadening effect on the Fe absorption spectra in these glasses, even at relatively 
low wavenumbers in the near-IR. 
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4.3.5. Computer Fitting and Mathematical Modelling 
85 
Mathematical fitting was carried out on a selection of optical spectra in order to 
establish the presence of certain peaks, and measure parameters such as intensity, 
position and width. Fitted band positions, intensities and widths for all fitted 
spectra are given in appendix B, table B4. 
The expected band assignments and positions for a low-iron glass were discussed 
in chapters 4.1.4.1. and 4.1.4.2. Table 4.3.5. a. shows general attributes of the 
fitted bands. Some variation in parameters was expected, and the values shown in 
the figure are averages. 
Three bands were fitted for Fe2+ absorptions, representing the ST2(D)-+SE(D) 
transition for distorted octahedral sites, the SE(D)-- . 5T2(D) transition for 
tetrahedral sites, and dynamic Jahn-Teller distortion of the main octahedral peak. 
No bands were fitted for the expected spin-forbidden Fe2+ bands in the near-UV. 
They would have been obscured by the stronger Fe3+ bands which also occur in 
this region. 
A total of ten Fe3+ absorption bands were identified in chapter 4.1.4.2. In this 
work, five Gaussian bands were fitted to represent them for glasses containing 0.2 
molar % Fe203. This is because many of these bands overlap. Details of the actual 
fitted bands and the transitions they represent are shown in table 4.3.5. a. Several 
bands were fitted for the same transition in both octahedral and tetrahedral 
coordinations, because they occur at the same wavenumbers and it is impossible 
to separate them. The band fitted at -16,000 cm"' incorporates components from 
the 6A, (S) -), 4T, (G) transition for tetrahedral Fei+, the 6A, (S) -ý 4T2(G) transition 
for octahedral Fei+, and any Fee+-0-Fe3+ coupling which produces an IVCT band 
in this region. Again the reason for this is that in reality the bands overlap. Some 
inaccuracy occurred as a result of this, but it is estimated that the fitted band 
maximum position is within 1000 cm-' of the band maxima for all three bands. No 
band was fitted to represent the 6A, (S) -> 4T, (G) transition for octahedral Fe 
3+ 
ions, predicted to occur at -11,200 cm-'. The band also represents octahedral Fe" 
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ions, which give much weaker absorption than tetrahedral ions. The fitted 
tetrahedral bands are themselves weak, and an octahedral band in this region 
would be 10-100 times weaker still (see chapter 4.1.1.2. ). The band was also 
obscured by the strong, broad Fe" absorption centred -10,000 cm-. Any attempts 
to fit this band proved fruitless, and fitting a band here would serve no purpose 
beyond the statistical. 
The UV edge was fitted with an exponential function, as in previous work [6,19, 
21]. Modelling of 5 molar % Fe2O3 samples required fewer fitted bands due to the 
strength of the UV edge obscuring some of those at higher wavenumbers. This is 
discussed further in chapter 4.3.5.2. 
Curve fitting of the spectra was done using the statistical package SPSS for 
Windows. This process required that optical spectra were broken up into sections, 
otherwise fitting became impossible. Especially at low Fe203 contents, if the 
whole spectrum were modelled at once, this produced inaccurate fitting. The 
spectra were therefore generally fitted in the following sections and order: 
i) Exponential function fitted to the UV edge between about 27,000 and 
30,000 cm'`, of the form: 
A= bo x EXP(b, x E) (Equation 4.3.5. a. ) 
where A= absorbance / cm"`, bo = constant, b, = constant, E= wavenumber / cm"' 
ii) Gaussian absorption bands. All Gaussian distributions were fitted 
according to the formula: 
x 
y=IxEXP -(a 
E) (a E 
(wxw) 
(Equation 4.3.5. b. ) 
where I= intensity of absorption, E= wavenumber, w= half width at half 
height, a= wavenumber of measurement, y= intensity of measured absorbance at 
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a given wavenumber. Spectra were split into three parts for fitting: the near-UV 
(20,000 - 30,000 cm-'), the visible (13,000 - 20,000 cm"'), and the near-IR (4,500 - 
13,000 cm-'). The near-UV and near-IR parts were fitted separately, then these 
were used to fit the whole spectrum. This then allowed accurate fitting of the 
visible region. 
Table 4.3.5. a. Bands Fitted to Optical Spectra at 0.2 molar % Fe203 
Band Valence Transition Position Y2 Width @ Absorbance 
State / Coord". / cm' 
'z Height / 
a/ cm'' 
cm'' 
A 2+ SE(D)--> 5TZ(D) -4,800 -1,000 0.14-0.22 
Tetrahedral 
B 2+ Jahn-Teller - 7,500 - 2,000 0.05-0.21 
C 2+ ST2(D)-*SE(D) - 10,000 - 4,000 0.38-0.75 
Octahedral 
D 3+ 6A, -*'T, (G)Tet - 16,000 - 2,500 0.04-0.20 
+6A, _>4T2 (G) 
Oct + IVCT 
E 3+ 6A, -ý 4T2(G) ~ 20,000 - 2,000 0.02-0.09 
Tetrahedral 
F 3+ 6A, -*4E 4A, (G) ~ 23,000 - 1,500 0.02-0.18 
Oct + Tet 
G 3+ 6A, -ý4T2(D) ~ 24,200 - 1,000 0.03-0.15 
Oct + Tet 
H 3+ 6 A, ->4E(D) Oct ~ 26,300 - 650 0.15-0.40 
+ Tet 
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4.3.5.1. Glass Containing 0.2% Molar Fe203 
Figures 4.3.5.1. a. and 4.3.5. l. b. show typical modelled spectra. Problems were 
encountered when fitting the region 20,000 - 30,000 cm" for most samples. Figure 
4.3.5.1. a. shows a case where the fitting program fitted this region poorly, and 
figure 4.3.5.1. b. shows a case where the fitted spectrum more closely resembled 
that expected from literature [19,51]. The UV edge was fitted for all samples with 
an exponential function, but the program had particular difficulty fitting the two 
peaks near 23,000 and 24,000 cm-'. It often fitted one large, broad peak instead of 
two smaller ones, accompanied by a small peak near 25,000 cm-', for which no 
justification can be found. It was necessary to fit the peak near 26,300 cm' 
separately. 
Figure 4.3.5. La. Computer Model of the Optical Absorption Spectrum of Sample 
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Figure 4.3.5.1. b. Computer Model of the Optical Absorption Spectrum of Sample 
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Peak wavenumbers of the three fitted bands associated with Fe2+ ions showed 
systematic changes with changing glass composition, as described by A, the 
optical basicity of the glass, shown in figure 4.3.5.1. c. These changes were such 
that increasing optical basicity of the glass moved the fitted bands to lower 
wavenumbers. There was no relationship with alkali / alkaline earth ionic radius 
ratio. The lines shown in figure 4.3.5. l. c. constitute linear best fits to each data 
set. 
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The most characteristic Fe" absorption, caused by the 6A, (S) --* 4E(D) transition, 
occurs at -26,300 cm-' (3&0 nm), where it is predicted to occur by Tanabe-Sugano 
matrices for tetrahedral and octahedral coordination. This band is barely affected 
by ligand field (i. e. by Dq). Despite this fact, the position of the fitted band moved 
linearly with optical basicity A, as shown in figure 4.3.5.1. d. It should be noted 
that these changes in peak wavenumber represent a change of less than 7 nm 
between extreme cases. Data points were only measured every I nm, so errors are 
relatively high. A change of less than 7 nm is an extremely small change when 
compared with the effects composition has on the Fe2+ absorption bands. 
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Figure 4.3.5.1. d. Fitted Absorption Maxima of Fe" 6A, (S)-+4E(D) Transition 










4.3.5.2. Glass Containing 0.1- 5 Molar % Fe203 
Spectra for the series Si02-Na2O-CaO-(0.1,0.2,0.5,1,2,3,4,5% Fe203) were 
computer fitted. With increasing Fe203 content the UV edge moved to lower and 
lower wavenumbers. Absorption coefficients rose dramatically, and certain 
absorption bands became more prominent. For example the area contained by the 
band fitted -16,000 cm' showed a large increase with increasing iron content. 
To the eye, some bands, such as that at -10,000 cm', appeared to change both in 
width and position with changing iron content, but fitted peak wavenumbers and 
widths were largely unaffected by Fe203 content. Peak intensities and thus peak 
areas, on the other hand, were strongly affected by Fe203 content, as shown in 
figure 4.3.5.2. a. In particular the intensities of the peak fitted near 10,000 cm"' and 
the peak fitted near 16,000 cm' increased strongly with Fe203 content. From 
examination of the spectra in chapter 4.3.3., with increasing Fe203 content, the 
0.57 0.58 0.59 0.6 0.61 0.62 0.63 0.64 0.65 
Optical Basicity, A 
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position of the absorption peak near 10,000 cm-' moves to higher wavenumbers. 
The computer modelling shows that this comes about through the increased 
absorption in the visible region by the band near 16,000 cm' rather than from the 
10,000 cm-' band actually changing position. 
















Fe203 Molar % 
The area contained by the peak near 16,000 cm-' with increasing iron content was 
very similar to a trend found in ESR spectra (see chapter 5), which links the 
amount of clustering of Fe" ions with Fe203 content. The band intensity I is 
approximately proportional to the square of the Fe203 content, such that: 
Ix (Fe203 %)2 (Equation 4.3.5.2. a. ) 
4.3.5.3. Calculation of Racah Parameters 
As shown in chapter 4.1.3.3., it is possible to calculate the Racah B and C 
012345 
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parameters for Fe3+ ions directly from their optical spectrum. The actual 
wavenumbers of the two absorption bands move slightly with composition, but 
some error is introduced by the complicated nature of the absorption in this part of 
the spectrum. Computer modelling failed to give accurate data on the positions of 
these bands, so peak positions were found by subtracting the fitted exponential 
UV edge component from the corrected spectrum, then visually checking the data. 
Figures 4.3.5.3. a. and 4.3.5.3. b. show the calculated Racah B and C parameters, 
which observe approximate proportionality with the alkali / alkaline earth ionic 
radius ratio and cation field strength ratio. Ionic radius ratio is used in the figures. 
Errors were calculated as approximately 2% for Racah B and 1% for Racah C. 
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4.3.6. Calculation of Extinction Coefficients 
94 
Calculations of the extinction coefficients for Fe2+ and Fe3+ were carried out. This 
allowed calculation of redox ratios from optical spectroscopy. Quantitative 
analysis of the extinction coefficient can also provide structural and 
environmental information about the Fe ions in glass. 
The density of the glass had to be measured in order to obtain the concentration of 
total iron present, as this varied with glass composition. The total volume of glass 
was found from the mass and density, then the mass of Fe203 obtained from batch 
calculations, hence the number of moles of Fe203 calculated. Concentration was 
found from the number of moles of Fe203 / volume of glass. 
In order to obtain extinction coefficients for Fe2+ and Fe3+ ions, several quantities 
must be known: 
L 4.4 V. 0 V. ö 1 1.2 1.4 1.0 1.5 
Alkali / Alkaline Earth Ionic Radius Ratio 
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" Absorbance. For Fe2+ this was provided by measured absorbances from the 
peak near 10,000 cm'. For Fei+, the curve-fitted absorbance values for the 
peak near 26,300 cm' was used. 
" Fe203 concentration. This was calculated from density values provided by the 
Archimedes method. 
" Redox Fee+/FFe measurements. This allowed calculation of the concentration 
of Fe2+ and Fe3+ ions per unit volume. Redox values were either taken from 
wet chemical measurements or regressions therefrom. 
The Beer-Lambert Law states that: 
A= -ccl 
where A= absorbance (arbitrary units), c= extinction coefficient (litres mol'' 
cm''), c= concentration of absorbing species - Fe" or Fe3+ (mol 1"'), 1= path 
length (cm). Manipulation of the formula and using the values of A, c and 1 
which are known, gives the extinction coefficient. 
Wet chemical redox measurements were used where available. Where they were 
not, predicted values were used (see chapter 4.3.7.1. ). 
4.3.6.1. Fe2+ Extinction Coefficient, E(Fe2+) 
Figure 4.3.6.1 
. a. shows c(Fe2+) 
for all the 0.2 molar % Fe203 glasses melted under 
standard conditions. For all compositions studied, alkali / alkaline earth ionic 
radius ratio is proportional to c(Fe2+). An identical relationship links glasses 
containing CaO, SrO and BaO. Glasses containing MgO give lower values of 
c(Fe2+), but obey the proportionality with an identical gradient. 
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Figure 4.3.6.1. a. Fe" Extinction Coefficient (c) with Varying Alkali / Alkaline 
Earth Ionic Radius Ratio 
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4.3.6.2. Fe3+ Extinction Coefficient, c(Fe3+) 
The calculation of s(Fe3+) was based upon the absorbance of the peak at -26,300 
cm"', widely attributed to Fe 3+ in both tetrahedral and octahedral sites (see chapter 
4.1.4.2. ). Computer fitting was carried out to separate this peak from the UV edge 
and other nearby bands. From this, c(Fe3+) was calculated in the same way as 
c(Fe2+). Figure 4.3.6.2. a. shows c(Fe3+) for many of the 0.2 molar % Fe203 glasses 
studied. Again it can be seen that the MgO glasses, which are highlighted as black 
triangles, behave somewhat differently to the other alkaline earths. 
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Figure 4.3.6.2. a. c(Fe3+) from Optical Measurements, with Varying Alkali / 









4.3.7. Wet Chemical Redox Measurements 
97 
Wet chemical redox analyses were both costly and time consuming to Pilkington, 
so only a selection of analyses could be made. The compositions to be analysed 
were chosen carefully as a result. Results for all the samples measured by this 
technique are given in appendix B, table B3. 
4.3.7.1. Glasses Containing 0.2 Molar % Fe203 
The relationship between redox and composition in these glasses is complex. The 
optical basicity scale can be used to show trends in redox with composition, but 
only with variation in one oxide type at a time. For a given alkaline earth oxide, 
increasing optical basicity brought about by variation in type of alkali oxide (i. e. 
U. 6 U. S 1 1.2 1.4 1.6 1. ö 2 2.2 
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Li20 -ý Cs20), resulted in a decrease in the Fee+/EFe ratio (see figure 4.3.7.1. a. ). 
On the other hand, for any given alkali oxide, increasing optical basicity brought 
about by variation in alkaline earth oxide (i. e. MgO -> BaO) results in an increase 
in the Fee+/EFe ratio (see figure 4.3.7.1. b. ). Hence the influences of alkali oxide 
and of alkaline earth oxide upon iron redox in these glasses are in opposition to 
one another. Redox values in these plots were taken from wet chemical 
measurements where possible, and from optical redox measurements where no 
wet chemical'data was available. 
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Plotting the redox ratio, Fee+/EFe, against the alkali / alkaline earth ratio of either 
the Pauling ionic radii, the cation field strength, Z/a2, or the optical basicities of 
the individual oxides, yielded linear relationships. Figure 4.3.7.1. c. shows only 
Fee+/EFe ratios measured by wet chemical analysis. Figure 4.3.7.1. d. extends the 
data series to include points for those glasses for which no wet chemical data was 
available. This was done using linear regressions of the wet chemical data: one for 
CaO, SrO and BaO glasses and another for MgO glasses, which are shown to 
behave differently. The Fe2+ content of samples containing MgO is somewhat 
higher than indicated by the linear relationship linking the other results, and these 
points are highlighted in the figures as black triangles. MgO glasses follow a 
similar linear relationship, but removed somewhat from that linking glasses 
containing CaO, SrO and BaO. 
Using linear regressions to predict redox ratios in glasses for which no wet 
chemical data was available was reasonable since there was very little deviation 
over the wide range of samples which were measured. There may be slightly 
larger error bars associated with these predicted points, however the data is 
considered relevant. If the predicted redox values were inaccurate, these 
deviations would be revealed through extinction coefficients. They did not do so 
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(see figure 4.3.6.1. a. ). 
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4.3.7.2. Varying Fe203 Content 
101 
Wet-chemical redox measurements in figure 4.3.7.2. a. indicate that samples in the 
system Si02-Na20-CaO-(O. 1 to 5% Fe203) show little change in redox with Fe203 
content. A linear regression of the data gives the best fit at - 16.5 %. The sample 
containing 2% Fe203 appeared to have somewhat higher Fe 2+ levels than 
suggested by the other samples. This could have been caused by a slight 
contamination of batch, crucible or stirrer. 
Figure 4.3.7.2. a. Wet Chemical Redox Results for Si02 - Na2O - CaO Glasses 
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4.3.7.3. Glasses Containing 5 Molar % Fe203 
Results for various glasses containing 1 or 5 molar % Fe203 showed no change in 
012345 
Chapter 4. Optical Spectroscopy 102 
redox within stated errors from the same base glasses containing 0.2 molar % 
Fe203, as shown in table 4.3.7.3. a., and in appendix B, table B3. 











20,81 Li/Na-Ba (20 ± 1) % - (18 ± 2) % 
53,83 Rb-Ba (15 ± 1) % - (14 ± 2) % 
56,84 Cs-Ba (14 ± 1) % - (15 ± 2) % 
21,65 Na-Mg (15±1)% (14±1)% - 
4.3.8. Redox Measurements Based on Optical Spectroscopy 
4.3.8.1. Glasses Containing 0.2 % Fe203 
Results for all the samples measured by this technique are given in appendix B, 
table B3. 
Following calculation of extinction coefficients as detailed in chapter 4.3.6., 
prediction of the redox ratio Fe2/EFe could be carried out for all samples, again 
using the formula A= -ccl, since the values of A, c and 1 were known as well as 
the total Fe content. 
Correlation of the Fee/EFe ratio measured from both wet chemistry and this 
"optical Fe"' method agreed exceptionally well, within 1% for most samples. 
This method of calculating redox does require that the Fe" extinction coefficient 
be known. It is not necessarily a "quick and easy" method of redox determination. 
Measurement of the Fee+/EFe ratio by optical methods has generally been 
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restricted to glasses of constant base composition with only the iron content and 
redox varying [71,83]. This avoids the problems associated with changes in 
extinction coefficients brought about by changing the glass composition. The 
method used in this study accurately predicts the redox from optical spectra over a 
range of base compositions, although some initial measurements of a selection of 
the glasses must be carried out using a different technique such as wet chemistry 
in order to establish extinction coefficients, and the concentration of iron ions 
would have to be known. It is unnecessary to reproduce the results of this method 
for these glasses since they mirror so closely the wet chemical results discussed in 
chapter 4.3.7.1. 
4.3.8.2. Varying Fe203 Content Glasses 
The optical Fe2+ method used for estimating Fee+/EFe in glasses of composition 
Si02-Na2O-CaO containing 0.1 - 5% Fe203 was an empirical method based on the 
combination of wet chemical and optical measurements. It was assumed that the 
extinction coefficient c(Fe2) remained constant with all Fe203 contents 
investigated. 
A single wet chemical measurement was used for predicting the redox in this 
series of glasses. The result chosen was that for the 0.2 % Fe203 sample, at 
Fee+/EFe = 16 %. The absorbance of the main Fe 2+ peak near 10,000 cm"' for each 
sample was compared with that of the 0.2 % Fe203 sample, and weighted 
according to actual Fe203 content. This gave a factor by which the original 
chemical measurement was multiplied to give the predicted Fee+/EFe value, as 
shown in figure 4.3.8.2. a. where they are compared with wet chemical and 
Mössbauer measurements of redox for the same glasses. Errors introduced by 
deviations in sample thickness and flatness have increasing effects on the optical 
Fe2+ value as Fe203 content increases. 
The chart looks slightly confusing, and there is no easy way to plot all the data 
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and error bars. It can be seen, however, that though there is some spread in results 
a straight, flat line could be drawn across the chart at a Fee+/ZFe of about 16 -17 
%. 
Figure 4.3.8.2. a. Comparison of Redox Measurements using Mössbauer, Wet 
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4.3.9. Photoluminescence (PL) Spectroscopy 
Photoluminescence studies were carried out on all glasses containing 0.2 molar % 
Fe203 and one each of 0.5 and 1% Fe203. At higher than 1% Fe203, luminescence 
quenching meant that no luminescence was observed. 
4.3.9.1. Photomultiplier Detector 
The photomultiplier has a good response at visible wavenumbers, but which tailed 
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off rapidly below 12,500 cm" (above 800 nm). A 20,200 cm-' (495 nm) high-pass 
filter was used. Entrance and exit slits on the monochromator were set at 2000 
µm, which gave adequate light throughput. Spectra were measured from 20,000 to 
12,500 cm-' (500 to 800 nm). Measured spectra showed one low-intensity, broad 
luminescence peak centred in the red-visible, the exact wavelength of which 
varied with glass composition. Correction of this data for system response showed 
the band generally occurred at 13,000 - 15,000 cm' (667 - 770 nm). This peak 
appeared to have a gaussian profile and was so broad that measurement of the 
exact peak energy was difficult. Errors in peak position were therefore estimated 
at ± 200 cm'' (10 nm). 
Figure 4.3.9.1. a. shows a typical corrected PL spectrum, in this case sample 17, 
Si02-Li20-Na2O-MgO-0.2 % Fe203. The peak position is shown to be 14,285 ± 
200 cm"' (700 ± 10 nm). 
Figure 4.3.9.1. a. Corrected PL Spectrum of Sample 17 
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PL measurements were taken for all glasses containing 0.2 % Fe203, and also 
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certain glasses containing 0.1 -1% Fe203. Above 1% Fe203, luminescence 
quenching rendered impossible the measurement of spectra. 
Peak wavenumbers from some corrected spectra are shown in table 4.3.9.1. a. and 
show that varying the Fe2O3 content had no effect on luminescence wavenumbers. 
Table 4.3.9.1. a. Corrected PL Peak Positions with Varying Fe203 Content 
Fe203 / Molar % Peak Wavelength / nm Peak Wavenumber / cm'' 
0.1 705±10 14,185±200 
0.2 710± 10 14,085 ± 200 
0.5 705±10 14,185±200 
1 700 ± 10 14,285 ± 200 
The corrected parameters for all glasses of composition Si0Z R20-RO-0.2 % 
Fe203 plus several other glasses containing 0.2 % Fe203, appear in appendix B, 
table B I. Of all samples containing Li20 as the sole alkali oxide, only the sample 
also containing BaO was sufficiently free of phase separation to give an adequate 
PL spectrum. 
Plots of the peak wavenumber against the ionic radius ratio of the alkali / alkaline 
earth cations yielded a linear relationship with some spread, as shown in figure 
4.3.9.1. c. 
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4.3.9.2. Germanium Detector 
Luminescence spectra were measured in the red visible and near - IR using a 
North Coast EO-817-L germanium detector, which has a range of 5,555 - 16,667 
cm"' (1800 - 600 nm). Two different monochromators were used; a Jarrell-Ash 
monochromator blazed at 25,000cm' (400 nm), and a Bentham M-300 
monochromator blazed near 10,000 cm"' (1 µm). 
Spectra were measured from 8,333 - 16,667 cm-' (1200 - 600 nm). The 
measurement of the main luminescence band occurring in the range 13,000 - 
15,000 cm-' may have been affected by the response of the EO-817-L detector as 
the response dropped sharply as wavenumber approached 16,000 cm'. Tests 
showed that the photomultiplier gave better results in this region than the 
germanium detector. 
Spectra recorded using the Jarrell-Ash monochromator all showed similar 
characteristics: a broad luminescence in the region of 14,000 cm-1 and a weaker, 
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narrower peak at approximately 11,400 cm''. This second peak was viewed with 
some caution: it may have been an artifact: a second-order laser line at double the 
laser wavelength; filter fluorescence; re-entrant spectra due to reflections in the 
monochromator; or some form of scattering effect were all possibilities. Spectra 
were re-measured using a series of different high-pass filters, all of which had no 
apparent effect on the peak measured at 11,000 - 12,000 cm-'. The 
monochromator was checked internally to ensure no reflected or re-entrant light 
got through to the detector, although checking for this by eye was not infallible. 
Spectra measured using the Bentham monochromator were similar to those 
measured using the Jarrell-Ash monochromator. Figure 4.3.9.2. a. shows a 
comparison of spectra from the two monochromators. The second peak near 
11,000 cm"' was at slightly lower wavenumbers to that measured using the Jarrell- 
Ash monochromator. The difference can be explained by the fact that the 
monochromators were blazed at very different wavelengths, and the Bentham is 
considered more accurate at these wavenumbers. 
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4.3.9.3. Computer Fitting of PL Spectra 
109 
The statistical package SPSS was used to fit one Gaussian peak to the corrected 
photomultiplier PL spectra. The fitting procedure was the same as was used for 
optical spectra (see chapter 4.3.5. ) Intensity values are inconsequential since 
intensity data was qualitative only, however values of half-width at half-height 
and peak position could be modelled. A small selection of samples were fitted, 
giving the results shown in table 4.3.9.3. a. The results show that peak 
wavenumber changed significantly with glass composition, and peak width was of 
the order of 2000 - 2500 cm''. 
Table 4.3.9.3. a. Parameters of Gaussian Band Fitted to PL Spectra 
Sample Code Composition Peak / cm-' Peak Width / cm" 
20 Si-Li-Na-Ba-0.2Fe 13,605 2615 
42 Si-K-Ca-0.2Fe 14,530 1925 
56 Si-Cs-Ba-0.2Fe 14,142 2560 
63 Si-Na-Ca-0.5Fe 14,230 1880 
4.4. Discussion 
4.4.1. Base Glasses 
Figures 4.3.1. a. and 4.3.1. b. show spectra of base glasses melted in Pt-2%Rh and 
mullite crucibles, respectively. The visible absorption bands in figure 4.3.1. a. 
indicate the presence in the glass of Pt°+ and / or Rh3+ ions [23,24]. ICP chemical 
analysis (see chapter 4.3.1. ) does not support this conclusion, because ICP 
measurements indicated that levels of Pt and Rh were lower in the discoloured 
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glass (Si02-Na2O-BaO, sample 4) than in the colourless glass (Si02-Na2O-MgO, 
sample 1). The ICP results were close to the limit of measurement of the 
technique, and must therefore be viewed with caution. 
The UV edge occurred at lower wavenumbers in the glasses melted in mullite 
crucibles than in similar glasses melted in Pt-2%Rh crucibles. These differences 
were probably caused by dissolution of iron from the mullite crucible walls into 
the glass melt. Strong oxygen-metal charge-transfer (OMCT) bands shift the UV 
edge to lower wavenumbers (see chapter 4.1.2.1. ). 
4.4.2. Band Assignments and Computer Fitting for Iron- 
Containing Glasses 
Computer fitting of spectra of iron-containing glasses, and subsequent band 
assignments (see chapter 4.3.5. ) generally agreed with similar work on both low- 
iron [19] and high-iron [6] silicate glasses. This agreement was in terms of band 
intensities and assignments. 
The number of bands fitted generally decreased with increasing Fe203 content. 
Increasing strength of the OMCT bands shifted the UV edge to lower 
wavenumbers, such that above certain Fe203 contents it obscured some of the Fe" 
d-d bands. In addition the increasing intensity of the Fee+-O-Fe3+ IVCT band fitted 
at -16,000 cm-' gave added complication. At 0.2 molar % Fe203, eight absorption 
bands plus the UV edge were fitted, but at 3,4, and 5 molar % Fe203, six bands 
plus the UV edge were fitted. 
4.4.2.1. Fe2+ Ions 
Computer fitting of optical spectra (see chapter 4.3.5. ) showed the presence of 
three absorption bands which can be attributed to Fe2+ ions. These three bands are 
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consistent with bands discussed in chapter 4.1.4.1. They represent distorted 
octahedral sites (-10,000 cm-'), distortion splitting of the main octahedral peak, 
probably the dynamic Jahn-Teller effect (-7,500 cm"'), and tetrahedral sites 
(-4,800 cm-'). Changes in the ratio of peak intensities of the bands at -10,000 cm- 
1 and -4,800 cm-' should indicate changes in the relative numbers of Fe2+ ions in 
tetrahedral and octahedral sites. Computer fitting gave no conclusive evidence on 
this point, although a small increase in the proportion of tetrahedral Fe", sites 
appears to occur with increasing alkali / alkaline earth ionic radius ratio. These 
changes were only small, so it can be inferred that the ratio of tetrahedral Fe2+ : 
octahedral Fe2+ ions is largely unaffected by glass composition. These findings are 
in agreement with other investigations [31,46,50]. As noted by Boon & Fyfe 
[45], the number of tetrahedral Fe" ions causing the band at -4,800 cm' is small 
because the Laporte selection rule dictates that absorptions from tetrahedral sites 
are generally 10-100 times stronger than from octahedral sites. This lack of 
change with composition also indicates that both these sites are relatively stable 
and therefore it is difficult to cause large changes in the Fe2+ site occupancies in 
these glasses. Composition did, however, have a systematic effect on the 
extinction coefficient of the main Fe2+ band, and this is discussed in chapter 4.4.3. 
Computer fitting has been particularly successful in showing the presence of an 
absorption band near 7,500 cm'' which causes the apparent asymmetry of the 
absorption peak due to the 5T2-SSE transition of Fe2+ ions in distorted octahedral 
sites. This new band occurs in all samples at all measured iron contents. 
Comparison of the fitted band with data from the literature (see chapters 4.1.1.7. 
and 4.1.4.1. ) indicates that it is caused by distortion splitting, probably the 
dynamic Jahn-Teller effect. 
4.4.2.2. Fe3+ Ions 
The fitted bands attributed to Fe3+ ions are shown in table 4.3.5. a. Previous work 
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[19] fitted an Fe3+ band at 13,600 cm"' which was by far the strongest Fei d-d 
band in terms of both peak height and area. There is a basis for fitting a band in 
this part of the spectrum: luminescence work in chapter 4.3.9. has shown the 
presence of the 4T1->6A, luminescence transition for tetrahedral Fei ions. 
However there was no reason to fit a strong band such as that fitted by Ades et al 
[19]. Attempts at fitting another band in this region in addition to the bands near 
16,000 cm-' and 10,000 cm-' were problematic and judged to be of little use 
beyond the statistical. 
4.4.2.3. IVCT Band 
The band fitted at -16,000 cm"I with a width of -4,000 cm"' is attributed to inter- 
valence charge transfer (IVCT). It has already been that this band becomes more 
prominent at visible wavenumbers with increasing Fe203 content in silicate 
glasses [5,6]. Differences in the exact position and linewidth between the spectra 
in this work and that of Ookawa et al [6] are probably due to compositional 
differences between the two sets of glasses. 
This band is direct evidence of Fe2+ and Fe3+ ions in next-nearest neighbour sites, 
i. e. clustered as groups of >1 ion. The area contained by this IVCT band increased 
approximately linearly with the square of the Fe203 content, as shown in chapter 
4.3.5.2. This relationship is identical to that established by ESR as applying to 
Fei+-O-Fe3+ clusters (see chapter 5). 
Computer modelling has indicated that an absorption band is present in this part 
of the spectrum at all Fe203 contents. For low iron concentrations the absorption 
had previously been attributed solely to d-dtransitions of Fe3+ ions [18,19,51,53, 
60,77]. It is probable that the absorption near 16,000 cm' has a contribution from 
IVCT interactions even at lower iron contents. 
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4.4.2.4. UV Edge 
113 
The UV edge in these glasses is primarily governed by their iron content: the 
higher the concentration of Fe ions, the lower the wavenumber at which the UV 
edge occurs [15,16,18,21]. This phenomenon is caused by oxygen-metal charge 
transfer (OMCT) bands. As discussed in chapter 4.1.1.5., the strength of the 
OMCT bands depends not only upon the iron concentration, but on glass redox 
and composition. Figures 4.3.1. a, 4.3.1. b., 4.3.2.3. a. - 4.3.2.3. f., 4.3.2.4. a., 
4.3.2.5. a. and 4.3.2.6. a. all show changes in UV edge position brought about by 
these three phenomena. 
The UV edge moves to lower wavenumbers with increasing oxidation of the 
glass, as shown in figure 4.3.2.6. a. The OMCT band due to Fei+-O interaction has 
a greater extinction coefficient and is centred at a lower wavenumber than the 
Fe"-O OMCT band [21]. Hence a change in redox towards the oxidised state 
moves the UV edge to lower wavenumbers. 
Both the concentration of Fe ions per unit volume (figure 4.3.2.2. c. ) and redox 
ratio (figures 4.3.7.1. a. - d. ) are strongly affected by glass composition. It was 
found that whilst changes in redox do affect the UV edge (see figure 4.3.2.6. a. ), 
they are not solely responsible for differences in UV edge position. Large changes 
in redox between reduced and oxidised samples of equal base composition only 
gave rise to relatively small changes in UV edge position. Much greater changes 
were seen with different base compositions, for example with the replacement of 
MgO by BaO. Glass composition itself plays a major role in determining UV edge 
position of iron-containing glasses. 
Increasing the ionic radii of the modifying cations, both alkali and alkaline earth, 
shifted the UV edge to lower wavenumbers. Shifts in UV edge also occurred 
when SiOZ was partially replaced by a variety of oxides (see chapter 4.3.2.4. ) or 
when the base glass was changed from silicate to borate (see chapter 4.3.2.5. ). The 
major influencing factor in all these cases is the composition of the glass itself. In 
nominally iron-free glasses it is already known [14] that the addition of larger 
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alkali and / or alkaline earth ions in equimolar quantities moves the UV edge to 
lower wavenumbers. This study shows that this rule still applies for glasses 
containing iron: the influence of composition on the UV edge is far stronger than 
the influence of redox, or small differences in iron concentration. 
The partial replacement of Si02 with other oxides (see chapter 4.3.2.4. ) also 
affected the UV edge. The addition of B203, A1203 or Ge02 moves the UV edge 
to lower wavenumbers. The change was greatest for added B203. This has 
interesting possibilities for applications which require enhancement of UV 
absorbance. 
4.4.3. Coordination and Environment 
Of the factors discussed in chapter 4.1.3.2. which affect Dq, only interatomic 
distance and symmetry of the ligand environment were likely to be affected by 
glass composition. The parameter Dq is very sensitive to changes in the metal- 
ligand distance, R, since it is proportional to 1/R5. 
4.4.3.1. Fe2+ Ions 
Work presented in chapter 4.3.5.1. showed that Dq(Fe2+) is proportional to 1/A, h, 
and hence At, is proportional to RS, where Ath is the theoretical optical basicity, 
and R is the metal-oxygen distance. This proportionality occurred for all three 
fitted Fe2+ bands, associated with distorted octahedral sites, dynamic Jahn-Teller 
splitting of those sites, and tetrahedral sites. Smaller modifier cations such as 
Mg 2+ and Li+ give smaller values of Aý hence they give smaller values of R and 
greater values of Dq(Fe2+). These cations are both small and highly polarising, 
thus they give rise to the greatest ligand field strengths. The fact that there is a 
linear relationship between Dq and At, shows that non-bridging oxygen ions 
associated with both alkali and alkaline earth ions coordinate with Fe 2+ ions, and 
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there is no obvious selectivity about the coordinating cation type. 
It was not possible to measure the effects of composition on Fe2+ Racah 
parameters. Characteristic changes occurred in the Fe3+ Racah parameters, so it is 
likely that similar changes occurred for Fe" ions. 
Calculated extinction coefficient, c(Fe2+), agreed with the literature (see chapters 
4.1.4.6. and 4.3.6.1. ) and in particular with similar work by Traverse et al [71]. 
The ionic radius ratio of alkali / alkaline earth ions was proportional to E(Fe2+), 
although notable differences occurred for glasses containing MgO, such that these 
glasses had greater extinction coefficients than predicted. 
As discussed in chapter 4.4.2.1., there was little change in the octahedral / 
tetrahedral Fe2+ ratio, based on optical measurements. Unlike Fe3+ ions, where a 
definite shift in coordination explains the changing extinction coefficient, the 
changes in c(Fe2+) must indicate other changes. It has been suggested that 
increasing the size of modifier ion, whether alkali or alkaline earth, increases the 
distortion of the silicate network [73]. On the other hand a small, highly 
polarising ion such as Li' or Mg", can also cause distortion of the matrix by 
exerting a strong attraction on nearby oxygens, thus influencing other cations to 
which they are bonded. The greatest distortions arise when cations are either large 
or highly polarising. However alkaline earth ions carry double the charge of alkali 
ions, therefore they have greater polarising ability. It is possible that it is these site 
distortions of Fe2+ ions are mirrored by the proportionality of the extinction 
coefficient with alkali / alkaline earth ionic radius ratio. 
It was indicated in chapter 4.1.4.9. that changes in the number of non-bridging 
oxygen ions or Si-O bond lengths could affect Dq. Whilst these remain 
possibilities, the fact that replacement of modifier ions by others was conducted 
on a molar basis minimised this possibility. 
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4.4.3.2. Fe3+ Ions 
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Values of Dq(Fe3+) in the literature have varied somewhat (see table 4.1.4.2. a. ), 
demonstrating both the difficulty of measuring this parameter accurately and its 
variation with glass composition. Computer fitting showed that the peak 
wavenumber of the most characteristic Fe3+ band, 6A, ->4E(D), normally occurring 
at -26,000 cm-', decreased with increasing optical basicity (see figure 4.3.5.1. d. ), 
despite the fact that this band is supposedly unaffected by ligand field (see 
chapters 4.1.3.4., 4.1.4.2., and 4.1.4.8. ). Similar behaviour occurred in sodium 
silicate glasses with changing composition, and was attributed to changes in the 
Racah B and C parameters [25]. The effects of changing composition on Racah B 
and C for Fei+, evidenced by the alkali / alkaline earth ionic radius ratio in this 
study, were shown in figures 4.3.5.3. a. and 4.3.5.3. b., respectively. The values 
and behaviour of these parameters agreed with similar studies. 
Luminescence spectroscopy in this study found that the wavenumber of the 
luminescence band due to the 4T1(G)--*6A, transition was unaffected by Fe203 
content, but was proportional to the alkali / alkaline earth ionic radius ratio. It 
varied between approximately 13,300 cm' and 15,300 cm', a range of -2,000 
cm' (see figure 4.3.9.1. c. ). The literature survey indicated that the differences in 
B and C were not large enough to explain similar changes in luminescence band 
wavenumbers [25]. The changes in luminescence band position therefore 
indicated a change in Dq as well as in B and C. Addition of a Stokes shift of 1,600 
cm' (see chapter 4.1.4.3. ) corresponds with values for Dq(Fe3+te)of 900 - 1,000 
cm"', and an average of Dq(Fe3+te) st; 950 cm-'. Luminescence spectroscopy also 
indicated the presence of a band at 11,000 - 11,500 cm"'. This correlates with the 
4T1(G)-*6A, transition of octahedral Fe3+ ions (see chapter 4.1.4.3. ). Addition of 
the Stokes Shift of 1,600 cm' corresponds with a value of Dq(Fe3+0c) 1,300 
cm', which agrees with values in the literature (see table 4.1.4.2. a). 
The position of the Fe3+ absorption band at 26,300 cm-' due to the 6A, -*4E(D) 
transition of tetrahedral and octahedral ions was proportional to the optical 
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basicity, yet the position of the Fe3+ luminescence band near 14,000 cm-' due to 
the 4T, (G)-*6A1 transition of tetrahedral ions was proportional to the alkali / 
alkaline earth ionic radius ratio. The former band was supposedly field- 
independent, so the only parameters affecting the band position were Racah B and 
C. The latter band was strongly field-dependent, and indicated that Dq(Fe3+1e) is 
inversely proportional to the alkali / alkaline earth ionic radius ratio. 
Calculated c(Fe3+) agreed with the literature (see chapters 4.1.4.6. and 4.3.6.2. ) 
and in particular with- similar work by Traverse et al [71]. The trend in Fe3+ 
extinction coefficient indicated that increasing alkali / alkaline earth ionic radius 
ratio lead to an increase in the number of Fe" tetrahedral / octahedral ratio. Over 
the compositional range, the extinction coefficient c(Fe3+) increased from -2 1 
mol' cm' to -6 1 mol' cm'. The tetrahedral / octahedral ratio therefore changed 
in favour of tetrahedral sites. It was not possible to quantify this change using the 
available data, however due to the 300 % increase in c(Fe'+), it can be assumed 
that this change was considerable. The Laporte selection rule means that the 
tetrahedral band should be much stronger than the octahedral band, hence the shift 
in coordination had such a noticeable effect. 
The effects of replacing 5 molar % Si02 with Ge02, B203 and A1203 were shown 
in figure 4.3.2.4. a. The effect on Dq(Fe2+) was minimal, although the addition of 
A1203 did appear to give a slight increase. No redox measurements were made on 
these glasses, so it was not possible to determine whether the changes in peak 
intensity were caused by differences in redox or extinction coefficients. 
Considerable increases in the strength of the UV edge were achieved by these 
replacements, such that A1203 and Ge02 gave moderate effects, but the addition of 
B203 gave by far the greatest change. This result comes as little surprise, since 
results have shown how far the UV edge is shifted by changing to a glass based 
predominantly on B203 (see figure 4.3.2.5. a. ). Correlation of these results with 
ESR results (see chapter 5.3.3. ) indicates that there may be a link between Fe ion 
distributions and the strength of the UV edge. 
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Increasing Fe203 content causes changes in the characteristics of optical spectra, 
notably due to changes in oxygen-metal charge transfer (OMCT) bands in the UV 
and an inter-valence charge transfer (IVCT) band in the visible. 
The Fee+/EFe redox ratio was unaffected by Fe203 content, but was inversely 
proportional to the ratio of alkali / alkaline earth ionic radii. 
Computer modelling identified three Fe2+ absorption bands, and these were 
attributed to the ST2(D)-->5E(D) transition for distorted octahedral sites, to 
dynamic Jahn-Teller splitting of the octahedral sites, and to the SE(D)--*ST2(D) 
transition for tetrahedral sites. Most Fe 2+ ions occur in octahedral sites and 
distortions thereof. The ratio of octahedral / tetrahedral Fe2+ sites was largely 
unaffected by composition. The parameter Dq(Fe2+) for both octahedral and 
tetrahedral coordination was inversely proportional to the glass theoretical optical 
basicity, indicating that non-bridging oxygens associated with both alkali and 
alkaline earth ions coordinate with Fe2+ ions. 
Five absorption bands were fitted for Fe3+ ions in both tetrahedral and octahedral 
coordination. The extinction coefficient of the 6A, -*4E(D) absorption band 
increased proportionally with alkali / alkaline earth ionic radius ratio, indicating 
that the Fe3+ tetrahedral / octahedral ratio was similarly proportional. Racah B and 
C parameters and Dq(Fe3+, e Nedra, 
) all exhibited proportionality with the alkali/ 
alkaline earth ionic radius ratio. 
Replacement of Si02 by various other oxides indicated the B203 in silicate glass 
can decrease UV edge wavenumber, and the characteristics of iron in borate 
glasses are different from silicate glasses. 
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I 
5.1. Principles of Operation 
Electron Spin Resonance, ESR (or Electron Paramagnetic Resonance, EPR) 
spectroscopy has been used in this study to measure the resonant absorption of 
fixed-frequency microwaves (X-band, 9.45 GHz) by the unpaired electrons of 
Fe 3+ ions in glass, tuned by varying the strength of an externally applied magnetic 
field from 0- 500 mT. ESR spectroscopy measures the absorptions caused by 
transitions between energy (Zeeman) levels of the orbital ground state. Generally, 
these transitions depend upon the particular ion being studied, the strength and 
symmetry of the ligand field, spin-orbit coupling and other effects such as 
hyperfine interactions between electrons and nucleus. Absorptions occur at 
specific g-values, which can be calculated from the magnetic field and frequency 
of radiation, as in equation 5.1. a. 
g= by / ßBtB (Equation 5.1. a. ) 
where h= Planck's constant; v= frequency of the radiation; ß= Bohr Magneton; 
B= magnetic induction; µB = permeability of medium. For given coordinations, 
symmetries and environments, effective g-values can be obtained from quantum 
mechanical calculations. The technique is particularly useful for investigating 
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Fe 3+ ions in glass since no known resonance is produced by Fe 2+ ions at room 
temperature. A typical ESR spectrum of Fe 3+ ions in silicate glass is shown in 
figure 5.1. a. Resonance in these glasses occurs at magnetic fields of 
approximately 0.075 T, 0.15 T and 0.35 T, corresponding to g-values of - 6, - 4.3 
and -2 respectively. 
Extraction of parameters such as relative peak-to-peak derivative intensity (Ip_p) 
and peak-to-peak linewidth (iHP_p) is possible, illustrated in figure 5.1. a. These 
parameters can give useful information on the environment of the Fe 3+ ions. Due 
to the sharpness of the resonance, errors associated with measuring IP_p(g = 4.3) 
and AHP_p(g = 4.3) are relatively small. Slight problems may occur when 
attempting to fit a baseline to the spectrum so as to measure Ip_p(g = 2), and also 
when defining the limits of OHP_p(g = 2). For these reasons the errors associated 
with measurement of these parameters are larger for g=2 than for g=4.3. 
Similar difficulties apply for measurement of the g=6 resonance. 
Figure 5.1. a. Typical ESR Spectrum of Fe 3+ Ions in a Silicate Glass 
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An excellent review article by Griscom [1] gives broad coverage of most aspects 
of ESR in glasses, and the reader is referred to this. 
All paramagnetic centres can be described by one or more of the terms in the spin 
Hamiltonian H= (3gSB/µB + IAS + SDS, where ß is the Bohr Magneton, B is the 
induction, µB = permeability of medium, S and I are the electronic and nuclear 
spin vectors respectively, and g, A and D are matrices expressing the energetics of 
the coupling between the magnetic fields associated with the vector quantities. 
Excluded from the equation are the nuclear Zeeman, quadrupole and higher order 
crystal field terms, because of the general inability to measure their effects in 
glasses. This Hamiltonian can be tailored to the specific needs of the user. 
In ordinary paramagnetic salts, no Fe 2+ resonance is seen at room temperature [2]. 
The ligand field may split the spin states by too large an amount to be observed, ' 
or spin-lattice relaxation times may be so short as to greatly broaden and weaken 
the resonance [2]. 
It is expected that Fe 3+ will produce a resonance at or very near to the free- 
electron value of g=2.0023 [2,3]. Early work on ESR of iron in glass showed 
the presence of a resonance as predicted, near g=2 [2,4,5]. Resonances were 
also found at g-values of - 4.3 and - 6. All of these resonances were assigned to 
Fe 3+ ions [2]. 
The origins of the two main resonances at g-4.3 and g-2 have been intensively 
debated. Some have attributed them to Fe 3+ ions occupying tetrahedral and 
octahedral coordination sites, respectively [4,6 -10]. 
A larger and generally more recent body of work maintains that the g=4.3 
resonance can be produced by isolated Fe 3+ ions occupying either tetrahedral or 
octahedral sites with low-symmetry rhombic distortions [11 - 21]. It has been 
suggested that these sites have a particular symmetry, C2v [12,20,21]. Those 
structural configurations having C2v symmetry were discussed by Loveridge & 
Parke [12]. The concentration dependence of the g=2 resonance has also been 
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noted and ascribed to exchange interactions between Fe 3+ ions in close proximity, 
i. e. clustered [11,13 - 15,17,18,20 - 24]. The resonance at g=6 has been 
assigned to either axial distortions which may result from Fe 3+ in tetrahedral 
coordination but with an extra positive charge in the immediate neighbourhood 
[11,19], or to Fe 3+ with S2" ions in their coordination polyhedra [12]. 
At low iron contents, the origin of the g=2 resonance is less clear. It has been 
suggested that both tetrahedral Fe 3+ ions with Td symmetry and octahedral Fe 3+ 
ions with Oh or C3v symmetry can produce this resonance [20,21]. Statistically, 
exchange interactions can occur at all iron concentrations, and indeed clustering 
has been found at low iron concentrations using both ESR [15,23] and 
Mössbauer spectroscopy (see chapter 6.2.3). 
5.2.1. The Effects of Iron Content 
The peak-to-peak linewidth, OHp_p, and the peak-to-peak intensity, IP_p, of both the 
g=4.3 and g=2 resonances exhibit characteristic changes with increasing iron 
content. These are shown in figure 5.2.1. a., which contains spectra of typical 
silicate glasses with differing iron contents. The deduced values of IP_P(g = 2) / Ip_p 
(g = 4.3) and AH(g = 4.3) are shown in appendix B, table B2. 
Peak-to-peak linewidth of the g=4.3 resonance, OHp_p (g = 4.3), exhibited similar 
behaviour with increasing iron content in many different glass systems [10,13, 
16,25]. At low iron concentrations OHp_p (g = 4.3) increases proportionally with 
iron content, as shown in figure 5.2.1. b. This linear behaviour is indicative of 
dipolar interactions between isolated Fe 3+ ions, and that the majority of Fe 3+ ions 
occupy isolated sites [15,16]. 









Figure 5.2.1. a. ESR Spectra of Glasses with Varying Fe203 Contents 
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Figure 5.2.1. b. Effects of Iron Content on OHp_p(g = 4.3) for Lead Borate Glass 
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linewidths can only be broadened by dipolar interaction, hence OHP_p (g = 4.3) x 
Fe203 % for low iron levels [10,15,16]. With further increases in iron content, 
the relationship deviates from linearity and AHp_p (g = 4.3) tends toward saturation 
[13,15,25]. This effect is caused by the presence of increasing amounts of strong 
exchange interaction between Fe 3+ ions as they are brought closer together and the 
orbitals of the unpaired electrons overlap. These ions are members of "clusters" of 
more than one Fe 3+ ion. The point at which the relationship between OHp_p (g = 
4.3) and iron content deviates from linearity indicates the onset of significant 
amounts of clustering [16]. The range of iron contents over which the linearity 
exists is strongly affected by glass composition [12,13,15,16,19,25], but 
generally lies in the range 1 to 3 molar % Fe203 depending upon composition. 
Hence the iron content above which clustering dominates is partially governed by 
glass composition. 
The effects of iron concentration on AHp-p (g = 2) has been less widely 
investigated [19,22,25]. At low iron concentrations where AHp-p (g = 4.3) x 
Fe203 %, the value of AHp-p (g = 2) remains approximately constant [19,25]. In 
these cases this was up to approximately 2 molar % Fe203. When AHp-p (g = 4.3) 
began to saturate at about 2 molar % Fe203, there was a large jump in the value of 
AHp-p (g = 2). At yet higher iron contents, AHp-p (g = 2) increased but less rapidly. 
The intensity of an ESR resonance is approximated by equation 5.2.1. a. [12,13, 
17 - 19,22,26]. 
Intensity I= Ip_p * (iHp_p)2 (Equation 5.2.1. a. ) 
Several characteristic trends in I or approximations of I have been identified with 
varying iron content [7 - 10,12,14,19,20 - 22,26]. With increasing iron content, 
I (g = 4.3) behaves similarly to AH (g = 4.3) [10,12,22]; I (g = 4.3) increases 
linearly with low iron contents, followed by saturation towards a maximum value 
of I which occurs at approximately 3 molar % Fe203, followed by a decrease with 
further increases in iron content. 
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The resonance intensity I (g = 2) increased slowly at low Fe203 contents up to 1 
molar % in silicate glasses [14] and up to 2 molar % in borate glasses [19]. 
Further increases in iron content resulted in swift increases in I (g = 2) which 
continued throughout the ranges of iron contents studied. 
The ratio of the two intensities has also been studied [7,10,20,21]. The ratio I (g 
= 2) /I (g = 4.3) was proportional to (Fe203 molar %)2 [20,21], i. e. I (g = 2) /I (g 
= 4.3) oc (Fe203 %)2. It was also found that AHp_p (g = 2) oc LHP_p (g = 4.3) [20, 
21]. Comparison of the ratio of peak-to-peak intensities (i. e. only the Ip-p 
component in equation 5.2.1. a. ) Ip-p (g = 2) / Ip-p (g = 4.3) was therefore an 
accurate approximation of I since any changes in the ratio I (g = 2) /I (g = 4.3) 
could only be brought about by changes in the Ip-p components and not AH. This 
"technique" has been used previously [20,21,27]. 
5.2.2. The Effects of Glass Composition 
The effects of glass composition on the ESR spectra of iron-containing silicate 
glasses have also been studied [6,8 - 10,20,21,28 - 30]. Some of these have 
concentrated on alkali calcium silicate glasses with changing alkali ion type and 
Fe203 content up to -3 molar % Fe203 [8 - 10,20,21]. For any given Fe203 
content, the ratio Ip-p (g = 2) / Ip-p (g = 4.3) increased as the alkali ion increased in 
size from Li -* Cs [8 - 10,20,21]. This effect also applied in mixed-alkali 
calcium silicate glasses containing both Na+ and K+ alkali ions [21]. Changing the 
calcium content had a smaller effect on Ip-p (g = 2) / Ip-p (g = 4.3) [21]. This was 
interpreted as showing that calcium does contribute to stabilisation of the C2 
structure. Some workers [8 - 10] attributed specific coordinations to the two main 
'resonances, as discussed earlier. They therefore argued that the ratio of octahedral 
/ tetrahedral Fe 3+ ions increased with alkali ionic radius (Li --* Cs). No 
consideration was given to the work discussed in chapter 5.2., which argues that 
octahedral and tetrahedral Fe 3+ coordinations should not be directly inferred from 
the g=2 and g=4.3 resonances. 
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As discussed in chapter 5.2.1., it has been found that IP_P (g = 2) / Ip-p (g = 4.3) a 
(Fe203 %)2 [20,21]. The slope A of the line increased with increasing size of the 
alkali ion. It was noted that the intensity ratio Ip-p (g = 2) / Ip-p (g = 4.3) was an 
effect of the type and not the quantity of alkali ion within the range studied. Thus, 
the author asserted, optical basicity (the average electron donor power of 
constituent anions) was not the determining influence and a priori does not 
influence the ESR spectra. Stabilisation of the structure giving rise to the g=4.3 
resonance was best achieved by small alkali cations. To achieve charge neutrality, 
alkali and theoretically alkaline earth ions are required by the Fe 3-" ion [31]. If 
these ions are small, the stabilisation of the structure is stronger due to higher 
electrostatic forces and to bond angles closer to 90° which is required for 
octahedral coordination of the alkali cation [20,21]. With more than one type of 
alkali ion present, the situation was more complicated. The probability of forming 
the C2V symmetry changed with type alkali ion, and is probably also affected by 
Ca. Russel's [20,21] interpretation of this was that when K20 is added to a Si02- 
Na20-CaO glass, it destabilises the C2V symmetry and promotes the formation of 
clusters. He stated that In Aa 1/a where A is the slope of the relationship Ip_p (g = 
2) / Ip-p (g = 4.3) oc (Fe203 %)2, and a= alkali-oxygen distance. Therefore In A oc 
1/(ionic radius of alkali cation). Subsequent work used square-wave voltammetry 
[32], a technique which is used to directly measure the molten glass and allows 
determination of standard potentials, equilibrium constants and other 
thermodynamic data, to investigate identical glasses. It was asserted that MgO 
leads to more stable iron-containing clusters than CaO, and that alkaline earth 
ions do contribute to the stabilisation of tetrahedrally coordinated Fe 3+ ions. 
Combining all these results indicates that increasing the size of the alkali ion 
and/or decreasing the size of the alkaline earth ion destabilises those symmetries 
giving rise to the g=4.3 resonance and promotes formation of Fe 3+ clusters. 
Studies of the magnetic susceptibility of Fe has produced interesting results 
concerning clustering [33]. The behaviour of Fe in lead borate glasses was 
explained by assuming that even at low concentrations, Fe ions are not dispersed 
uniformly but also exist in the form of clusters consisting of two or more ions 
sharing common oxygen ions. Studies of Fe203 in 2SiO2. PbO and 2B203. PbO 
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glasses found that the onset of cluster domination occurred at different Fe 
contents [33]. At 3.3 molar % Fe203, a greater fraction of Fe ions were clustered 
in the borate glass than in the silicate glass. However the size of the clusters was 
larger in the silicate glass, and average inter-cluster distances were greater. 
In aluminosilicate glasses, Ip_, (g = 4.3) increased with increasing cation field 
strength of either alkali or alkaline earth ions [30]. Alkali ions had a greater effect 
upon IP_, (g = 4.3) than alkaline earth ions [30]. This is generally in agreement 
with work on alkali-alkaline earth silicates discussed above. 
Linewidth measurements have been used to calculate the average distance d 
between Fe 3+ ions in lead borate glass [16]. At less than -3.2 molar % Fe203, 
octahedral best described Fe 3+ coordination. Above -3.2 molar % Fe203, 
tetrahedral gave the best representation of Fe 3+ coordination. Calculated d was 
greater than obtained from density measurements. It was argued that this was only 
possible if a significant fraction of the Fe ions form dimers and trimers so that 
these "connected" ions do not contribute to the g=4.3 resonance. Thus, it was 
stated, at low Fe203 levels, iron-oxygen coordination polyhedra do not share 
edges. The linewidth was shown to be the sum of dipolar interactions and of a 
concentration-independent contribution due to some unresolved fine splitting. 
Kordas & Oel [34] asserted, on the basis of optical absorption measurements, that 
by irradiating iron-containing Si02-Na20-CaO glasses with x-rays the proportion 
of tetrahedral Fe 2+ was increased. The optical spectra shown, however, could not 
confirm that only the band associated with tetrahedral Fe 2+ ions had changed 
characteristics upon irradiation. The authors also asserted that the increase in 
tetrahedral Fe 2+ was at the expense of Fe 3+ ions, with the g=4.3 resonance 
decreasing upon irradiation. No structural changes could be caused by the level of 
irradiation, they claimed, therefore the g=4.3 resonance was due to Fe 3+ ions in 
tetrahedral coordination. This disagrees with the majority, of ESR work which has 
discussed the origins of the g=4.3 and g=2 resonances (see chapter 5.2. ). 
Moon et al [13] showed that ESR linewidths have contributions from spin-lattice 
and spin-spin relaxation times, but also a structural, concentration-independent 
component. It was also indicated that the spin-lattice contribution was minimal. 
Chapter 5. Electron Spin Resonance (ESR) 133 
Hence the main contributions to the linewidth arise from spin-spin relaxations and 
the distribution of Fe 3+ environments in the glass. 
5.2.3. Summary of Main Points from the Literature. 
i) Fe 3+ ions exhibit ESR resonances at room temperature, but Fe 2+ ions do not. 
ii) The characteristic Fe 3+ resonances occur at g-6, g-4.3 and g-2. 
iii) These resonances have been attributed by some to specific coordination 
polyhedra of Fei+, the g= 4.3 resonance to tetrahedral sites and the g=2 
resonance to octahedral sites. 
iv) A larger and more recent body of work asserts that the g=4.3 resonance is 
caused by Fe 3+ ions in rhombically-distorted tetrahedral and octahedral sites. The 
g=2 resonance can be caused by exchange interactions between clustered Fe 3+ 
ions. 
v) Linewidth of the g=4.3 resonance increases with iron content until it reaches 
saturation. Decreases with further iron additions are due to exchange interactions. 
vi) Clustering of Fe ions occurs more readily in borate glasses than in comparable 
silicate glasses. 
vii) Major clustering is evidenced by deviation from proportionality between OHP_ 
' (g = 4.3) and Fe203 content. 
viii) Dipolar interactions predominate in silicate glasses at low (- 0.2 molar % 
Fe203) iron contents but there is some exchange interactions due to clusters. 
ix) Exchange interactions increase with increasing iron content such that Fe 
3+ ions 
are mostly clustered at high (- 5 molar % Fe203) iron contents in silicate glasses. 
x) IP_p (g = 2) / Ip_p (g = 4.3) is a function of the type of alkali ion present in a 
glass. 
xi) Ip_p (g = 2) / Ip_p (g = 4.3) a (Fe203 %)2 
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xii) In Ax1/ ionic radius of alkali cation, where A= slope of Ip. p (g = 2) / Ip. p (g 
= 4.3). 
xiii) Alkaline earth ions contribute to stabilisation of Fe 3+ ions, but less so than 
alkali ions. 
5.3. Results 
The intensity of an ESR resonance is approximated by equation 5.2.1. a. 
Calculations of intensity of the individual resonances were not carried out in this 
study owing to difficulties with accurately measuring the linewidth of the g=2 
resonance. It has been shown [20,21] that AHp_p (g = 4.3) oc AHp_p (g = 2). 
Comparison of the ratio Ip-p (g = 2) / Ip-p (g = 4.3), shortened to Ip-p (g =2/g= 
4.3), can therefore give useful information since any changes in the ratio can only 
be brought about by changes in the Ip-p components and not AHp_p. This technique 
has been used previously [20,21,27]. 
The results were evaluated in terms of the ratio of peak-to-peak intensities of the 
resonance peaks at g=2 and g=4.3, Ip_p (g =2/g=4.3), and in terms of the 
peak-to-peak linewidth of the g=4.3 resonance, OHp_p (g = 4.3). 
5.3.1. Varying Glass Composition 
Both OHp_p (g = 4.3) and Ip_, (g = 2) / Ip_p (g = 4.3) change dramatically with base 
glass composition at constant molar Fe203 content, as shown in figure 5.3.1. a. 
Chapter 5. Electron Spin Resonance (ESR) 135 
Figure 5.3.1. a. EPR Spectra of Si02-Na20-BaO-0.2% Fe203 and Si02-K20- 
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Generally, OHp_p (g = 4.3) increases with increasing ionic radius of the alkali ion, 
and decreases with increasing ionic radius of the alkaline earth ion; there are clear 
trends in the results (see figures 5.3.1. b. and c). Optical observation and x-ray 
diffraction (see chapter 4.3.2.1. ) have shown that some glasses containing Li20 as 
the sole alkali oxide were phase-separated. ESR data from the samples containing 
MgO, CaO and SrO as the alkaline earth oxides was therefore unreliable. Phase 
separation may affect the distribution of Fe ions in the glass and thus ESR spectra. 
The BaO glass in this series was not phase separated, and so the ESR spectrum 
was acceptable. Measurement of OHp_p (g = 4.3) was straightforward, and errors 
were estimated at ± 0.3 mT. 
Figures 5.3.1. d. and e show relationships in which Ip_p (g = 2) / Ip_p (g = 4.3) 
increases with increasing alkali / alkaline earth ionic radius ratio. Errors 
associated with measurement of peak heights were quite large since the data was 
plotted as a ratio. A small error in the measured intensity of the g=2 resonance 
resulted in a larger error in the ratio. The combined errors of technique and ratio 
measurement have been estimated at ± 10 %. 
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Figure 5.3.1. b. Linewidth AHP_P (g = 4.3) with changing Alkali / Alkaline Earth 






Figure 5.3.1. c. Linewidth OHp_p (g = 4.3) with changing Alkali / Alkaline Earth 
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Figure 5.3.1. d. Ip_p (g =2/g=4.3) with changing Alkali / Alkaline Earth Ionic 
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Figure 5.3.1. e. IP_, (g =2/g=4.3) with changing Alkali / Alkaline Earth Ionic 
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5.3.2. Changing Fe203 Content 
138 
The ESR spectrum of Fe 3+ in glasses is strongly affected by the concentration of 
Fe 3+ ions within the matrix. Figure 5.2.1. a. shows ESR spectra for glasses 
containing 0.1 %, 1% and 5% Fe203. With increasing Fe203 content, the g=2 
resonance gains intensity and the g=4.3 and g=6 resonances lose intensity such 
that with 5% Fe203 these resonances approach zero intensity. Linewidth OHp_p of 
both the g=2 and g=4.3 resonances increases with increasing Fe203 content. 
An approximately linear relationship exists between the intensity ratio Ip_p (g =2/ 
g=4.3) and the square of the molar Fe203 content, highlighted in figure 5.3.2. a. 
The average slope of the relationship is also affected by base glass composition, 
shown in the figure as Na20 is replaced by K20. It has been shown in chapter 
4.3.2.2. that sodium glasses have greater concentration per unit volume of Fe ions 
than potassium glasses when molar Fe203 contents are equal. This therefore 
cannot be a concentration-based phenomenon. The effects of composition are 
discussed in chapter 5.4.2. 
Figure 5.3.2. b. shows that OHp_p (g = 4.3) oc (Fe203 %) for both Si02-Na20-CaO 
and Si02-K20-CaO base glasses below -1 molar % Fe203. Above this level 
OHp_p(g = 4.3) begins to saturate and reaches a maximum at 2-3 % Fe203. At >3 % 
Fe203, AHp_p(g = 4.3) decreases with increasing Fe203 content. As with the 
intensity ratio, there is a dependence on base glass composition: the linewidth 
reaches a maximum at lower Fe203 contents in glasses containing K20 than with 
Na2O. 
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Figure 5.3.2. a. Intensity Ratio, Ip. p (g = 2) / Ip_, (g = 4.3) with Varying (Fe203 %)2 













Figure 5.3.2. b. Linewidth AHp. p of g=4.3 Resonance with Fe203 Content 
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5.3.3. Borate Glass 
140 
A borate glass (sample 62) containing 0.2 molar % Fe203 gave a value of Ip_p (g = 
2) / Ip_p (g = 4.3) of -0.66, much greater than in comparable silicate glasses. This 
was due to a much stronger resonance at g=2. 
5.4. Discussion 
5.4.1. Distribution of Fe Ions 
Interpretation of the ESR results depends greatly upon the origin of the g=2 
resonance. As discussed in chapter 5.2., the majority of the literature surveyed 
agrees that at medium and high iron concentrations (>_ 1 molar % Fe203) the g=2 
resonance is caused by clusters of Fe 3+ ions and not by octahedral Fe 3+ ions. 
Interpretation of the g=2 resonance at low Fe203 contents, for example 0.2 molar 
percent, was less straightforward. None of the works which have discussed the 
clustering of iron in glass and ESR measurements have done so in detail at such 
low concentrations, although many workers [11 - 13,17,22,26,34] have 
indicated that in these situations most Fe 3+ ions occupy isolated sites. The relative 
amounts of isolated and clustered Fe 3+ ions in glasses have only occasionally been 
measured by ESR [22]. Assuming a random distribution, some iron ions should 
be members of clusters even at very low concentrations. Additional evidence on 
the g=2 resonance was provided by the results for the borate glass, sample 62. 
This glass contained 0.2 molar % Fe203, yet gave a spectrum reminiscent of a 
soda-lime-silica glass containing 1-2 molar % Fe203; the resonance at g=2 had 
a greater intensity so the ratio Ip_p (g =2/g=4.3) was larger. Considering that Fe 
ions have been shown to cluster less readily in silicate glasses than in borate 
glasses (see chapter 5.2.2. ), it follows that the g=2 resonance should be weaker 
in silicate glasses. This is indeed what occurred, and is yet more evidence that in 
these ternary silicate glasses, even at low Fe concentrations, the g=2 resonance is 
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caused by clustered Fe 3+ ions. 
It was found by Mössbauer studies on float glass compositions that approximately 
one quarter of the Fe 3+ ions were exchange-coupled, i. e. in close proximity and 
therefore clustered, at 0.199 molar % (see chapter 6.2.3. ). At these low iron 
contents in silicate glasses, there is probably not enough clustering to cause 
measurable exchange narrowing of the g=4.3 resonance, a fact known because 
OHp_p (g = 4.3) increased linearly up to approximately 1 molar % Fe203 (see 
figure 5.3.2. b. ) indicating the predominance of dipolar interactions between 
isolated Fe 3+ ions at these low iron contents. The exact Fe203 content at which 
deviation from linearity occurs was probably slightly lower for the K glass than 
the Na glass, but there were too few data points to illustrate this. We know this 
because the linewidth saturates at lower Fe203 contents in the K glass, indicating 
the predominance of exchange interactions (i. e. clustering) at lower Fe203 
contents (see chapter 5.2.1. ). This is discussed further in chapter 5.4.2. 
5.4.2. The Effects of Glass Composition 
Figures 5.3.1. b. to e. show that both OHp_p (g = 4.3) and Ip_p (g =2/g=4.3) are 
strongly affected by the alkali / alkaline earth ionic radius ratio, such that 
increases in OHp_p (g = 4.3) and Ip_p (g =2/g=4.3) occurred with increasing 
alkali / alkaline earth ionic radius ratio brought about by larger alkali ions or 
smaller alkaline earth ions. 
Some characteristic changes occurred in AHp_p (g = 4.3) and the Ip_p(g =2/g= 
4.3) ratio with different alkali and alkaline earth ions. For example, figures 
5.3.1. c. and 5.3.1. e. show that when the alkali ion was small, such as in the Li/Na 
or Na glasses, the type of alkaline earth ion had little effect on either linewidth or 
intensity ratio. However with increasing alkali ionic size, alkaline earth ions 
began to have a stronger effect, such that for the larger alkalis, they did affect 
linewidth and intensity ratio to some degree. 
The opposite effects of alkali and alkaline earth ions which were identified in the 
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literature survey (see chapter 5.2.2. ) are evidenced by this work. Unfortunately 
the dependence of the strength of alkaline earth effect upon the size of the alkali 
ion makes the relationship a complex one. 
How do we know it is alkali ions which primarily determine Fe3+ distribution and 
not alkaline earths? Figures 5.3.1. b. to 5.3.1. e. show that when considering 
different alkaline earth ions (figures 5.3.1 .b and 5.3.1. d. ), 
it is possible to achieve 
most of the values of linewidth or intensity ratio evidenced by these glasses, using 
any of the four alkaline earth ions. Conversely, figures 5.3.1. c. and 5.3.1. e. show 
that when considering different alkali ions, it is not possible to achieve most of 
the values of linewidth or intensity ratio evidenced by these glasses without 
changing to a different alkali ion. 
Interpretation of the effects of compositional change on the intensity ratio, not 
only at 0.2 molar % Fe203 (see figures 5.3.1. b. to 5.3.1. e. ), but at all the studied 
Fe203 contents, indicates that clustering of Fe 3+ ions increases at the expense of 
isolated Fe 3+ ions with increasing alkali ionic size 
Structural interpretation of all these findings indicates the following: 
i) Larger alkali ions promote the formation of Fe 3+ clusters. 
ii) Smaller alkaline earth ions promote the formation of Fe 3+ clusters. 
iii) The effectiveness of (ii) grows with increasing size of the alkali ion. 
These findings are good evidence for competition between different ion types for 
stabilisation of Fe 3+ ions. For all the glasses studied, there are in theory an 
abundance of singly-charged alkali ions present to provide sufficient charge 
balance for all the Fe 3+ ions present. It has been suggested that alkali - Fe 
3+ 
complexes are more tightly-bound than alkaline earth - Fe 
3+ complexes and 
therefore are more stable [31]. The fact that the Fe 3+ clustered / isolated 
distribution is primarily determined by alkali ions confirms this statement. 
With increasing alkali / alkaline earth ionic radius ratio, the general increase in IP_p 
(g =2/g=4.3) which indicates the presence of increasing numbers of clustered 
Fe 3+ ions must be reconciled with the trend in AHp_p (g = 4.3), which appears to 
indicate stronger dipolar interactions between isolated ions, based on the literature 
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survey (see figures 5.3.1. b. - c. and chapter 5.2.1. ). Figure 4.3.2.2. c. shows that Fe 
ionic concentration in moles per unit volume decreases with increasing alkali / 
alkaline earth ionic radius ratio, yet we know from figures 5.3.1. b. and 5.3.1. c. 
that linewidth increases. Dipolar mechanisms are unlikely to cause this 
broadening because decreasing iron concentration should mean less dipolar 
interaction. In agreement with Moon et al [13] (see chapter 5.2.2. ), the 
characteristics of the linear relationship between Ip_, (g = 2) / IP_p(g = 4.3) and 
(Fe203 %)2 indicate the presence of two components. The first is the "Fe 3+ 
component", which describes Fe 3+ distribution in terms of clustered / isolated, and 
is based on volume concentration. The second is the "structural component", 
which determines the slope of the linear relationship, i. e. the rate at which the 
isolated / clustered transition is made with increasing iron content, and this is 
based on the glass composition. The rate increases with increasing size of the 
alkali ion, as shown in figure 5.3.2. a. As discussed above, the effects of changes 
in Fe volume concentration brought about by compositional change on ESR 
parameters are small compared with the structural component which determines 
Fe distribution. This effect applies for all Fe203 contents investigated, i. e. up to 5 
molar %. Figure 5.3.2. b. shows that as the Fe203 content increases above 1 molar 
% Fe203 the linewidth tends toward saturation, and then decreases as exchange 
interactions between nearby Fe3+ ions become increasingly strong. This is in 
agreement with similar studies [13,15,16,22,25]. The exact Fe203 content at 
which saturation occurs is greater for the Si02-Na2O-CaO system than the Si02- 
K20-CaO system, -3 % as opposed to -2.5 %. This indicates that clustering 
occurs more readily in the K20 system, in agreement with the above discussion. 
It is probably differences in the second, structural component which also give rise 
to the differences in AHp. p (g = 4.3) found with changing composition. These 
differences are indicative of different distributions of Fe 3+ ion environments. This 
disagrees with the results of Russel [20,21], who found no significant 
dependence of linewidth on composition for almost identical glasses to those 
studied here. 
The spread of results suggest that ionic radius ratio, i. e. electrostatic space/charge 
effects, may not be the only factor influencing the Ip_p ratio. Covalency involved 
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in the bonding is not taken into account by electrostatic or space / charge scales. 
The results for glasses containing MgO suggest that Mg interacts slightly 
differently with Fe 3+ ions compared with the other alkaline earth ions. If some or 
all of the Mg 2+ ions have 4-coordination (see chapter 2.1. ) they enter the structure 
as glass formers rather than glass modifiers. This will produce different 
interactions with Fe 3+ ions than for the other alkaline earths, which occupy sites 
with coordination numbers z 6. It appears from the available ESR data that Mg2+ 
ions are poorer at promoting clustering of Fe 3+ ions than suggested by alkali / 
alkaline earth ionic radius ratios. This may be influenced by coordination of Mg2+ 
ions and/or covalency of their bonding. 
The onset of major clustering has been shown to be affected by base glass 
composition. Agreement was found with other work [13,16] in that clustering 
predominates above approximately 3% Fe203, although the exact Fe203 content 
is dictated somewhat by glass composition. Combining results for glasses 
containing 0.2 molar % Fe203 (see chapter 5.3.1. ) and for glasses having varying 
iron contents with Na and K as alkalis (see chapter 5.3.2. ) show that the 
percentage of Fe203 at which clustering predominates decreases with increasing 
alkali / alkaline earth ionic radius ratio, although as before, the effects of alkali 
ion type are stronger than the effects of alkaline earth ion type. 
5.5. Chapter Summary 
The g=4.3 resonance was attributed to isolated Fe 3+ ions in rhombically-distorted 
tetrahedral and octahedral sites. The g=2 resonance was attributed to clusters of 
more than one exchange-interacting Fe 3+ ion. 
Study of the linewidth of the g=4.3 resonance and the ratio of intensities of the g 
=2/g=4.3 resonances provided information on distribution and environment of 
the Fe 3+ ions. 
The ratio of clustered / isolated Fe3+ ions was approximately proportional to the 
square of the molar Fe203 content. The gradient was dependent upon glass 
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composition. Two components were in effect, one based on Fe3+ volume 
concentration, and the other based on glass composition. Clustering of Fe3+ ions 
predominated above approximately 3 molar % Fe203 in these glasses, although 
the exact percentage was affected somewhat by composition, and generally could 
be expected to decrease with increasing alkali / alkaline earth ionic radius ratio. 
Iron content and type of alkali ion primarily determined the Fe 3+ distribution. 
Alkaline earth ions generally had a lesser effect. Clustering of Fe 3+ ions occurred 
to some degree at all iron contents, and was measurable at 0.2 molar % Fe203. 
The clustered / isolated Fe 3+ ratio changed with glass composition because larger 
alkali ions promote clustering. Smaller alkaline earth ions may also promote 
clustering when present in combination with large alkali ions. These effects were 
illustrated by a general proportionality with the alkali / alkaline earth ionic radius 
ratio. This was interpreted as evidence for competition between ion types for 
stabilisation of Fe 3+ ions, with alkali complexes being the more stable. 
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6.1. Principles of Operation 
148 
Mössbauer spectroscopy utilises the recoil-free emission and resonant absorption 
of y-radiation by "Fe nuclei. The effect of recoil energy, which can be neglected 
for sound and light, becomes dominant in the 7-ray region. For a free "Fe nucleus, 
recoil energy is several orders of magnitude greater than the linewidth of the 
resonance absorption, so the resonance will not be defined. Mössbauer discovered 
however that in solids, under certain conditions, recoil energy is essentially nil 
and thus resonance can be observed. By comparing the observed spectrum with 
that of a reference, for example a-Fe, it is possible to obtain information on co- 
ordination, bonding and valence. Effects external to the "Fe nucleus, while very 
small, can be distinguished due to the very high resolution of this technique. Once 
the spectra have been measured, they are fitted with Lorentzian lineshapes 
representing Fe" and Fe3+ components. 
6.2. Background and Literature Survey 
Mossbauer spectroscopy using the isotope "Fe has been extensively studied in 
glasses over the past few decades, and there exist a number of excellent articles 
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and reviews on this subject [1- 8]. 
Metallic Fe gives a distinctive 6-line Mössbauer spectrum, which can easily be 
fitted using Lorentzian line shapes. Mössbauer spectra of Fe in glasses are more 
complicated. Linewidths are indicative of the range of site occupancies, and 
glasses give wider site distributions than crystals due to their disordered nature. 
6.2.1. Mössbauer Spectra of Iron in Glasses 
Figure 6.2.1. a. shows a typical Mössbauer spectrum of a glass containing iron. 
There are two distinctive overlapping doublets and computer fitting was required 
to properly resolve them. 
Figure 6.2.1. a. Typical Mössbauer Spectrum of Iron in Glass at Ambient 
Temperatures 
Fe2+ 
RELATIVE VELOCITY (MM/5) 
-4 -3 -2 -1 01234 
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Mössbauer spectra of iron in glasses can give the following parameters: isomer 
shift or centre shift (S), quadrupole splitting (A), linewidth (I) and paramagnetic 
hyperfine splitting (hfs). These parameters indicate the environment and 
coordination of the Fe ions present. Changes in the values of these parameters 
therefore indicate changes in the environment and coordination of Fe ions. By 
comparing the absorption area ratios of the Fe2+ and Fe3+ components, it is 
possible to measure the redox ratio. 
A typical Mössbauer spectrum of a silicate glass at low temperature (see figure 
6.3.1. a. ) with an intermediate iron content of 1 molar % Fe203, contains two 
doublets and hfs. One of the doublets is caused by exchange-interacting Fe" ions 
with faster spin-spin relaxation times, and the other by Fe2+ ions. The hfs is caused 
by isolated Fe3+ ions with slow spin-relaxation times. 
The relative areas enclosed by the doublets represent the redox ratio of Fee+/Fe3+ 
in the glass. In this glass about 15 % of the total Fe is Fe 2+. This means 85 % is 
Fe', which is highlighted by the relative areas of the two doublets. It can also be 
seen that the isomer shift (8) and quadrupole splitting (0) is different for Fe 2+ and 
Fe 3+ ions. The isomer shift (S) is measured at the midpoint of each doublet and is 
the distance from zero velocity. The quadrupole splitting (0) is the separation 
between the maxima of the two peaks comprising a doublet. 
6.2.2. Centre Shift (S) and Quadrupole Splitting (A) 
The centre shift, S, arises because of small energy differences between source and 
absorber (sample) matrices. These energy differences are termed centre shifts and 
are caused by alteration in the energy difference between ground and excited 
states because of coulombic interactions between electrons and nucleus. Shifts 
therefore arise if the s-electron density is different for source and absorber nuclei. 
Since only the difference is measured, values are quoted relative to a "standard". 
Centre shift 5 is a monotonic function of the s-electron density at the "Fe nucleus. 
Chapter 6. Mössbauer Spectroscopy 151 
Decreases in 3s-electron densities amongst the 3d transition metal ions are the 
result of increasing amounts of screening by the 3d electrons. Increased covalency 
in 3d5 (Fe3+) and 3d6 (Fe2+) compounds is generally the result of increases in the 4s 
electron contribution [3]. Alpha-iron, a-Fe, has usually been used as a standard. 
Quadrupole splitting (0) corresponds to the peak separation and is equivalent to 
the gap of two energy levels in the excited state. It occurs as a result of the 
interaction of the nuclear electric quadrupole moment with the electric field 
gradient at the nucleus. Such gradients can be caused by electrons in the chemical 
bonds of the "Fe atom, from charges on surrounding ions or from electrons in 
unfilled shells and /or charges on the ligands. In the case of high-spin Fe3+ the 
electron distribution is spherically symmetrical; therefore they do not give rise to 
an electric field gradient at the nucleus. Quadrupole splitting is only observed for 
Fe"' due to deviations from perfect tetrahedral or octahedral symmetry. Thus 
0(Fe3+) is a measure of the distortion from cubic symmetry of Fei+. Both the 
electrons and the ligands contribute towards 0(Fe2+), and large values are 
observed due to further removal of degeneracy by rhombic or axial distortions of 
the site. Therefore A(Fe2+) > A(Fe3+). 
6.2.3. Paramagnetic Hyperfine Splitting (hfs) 
Paramagnetic hyperfine splitting (hfs) of Mössbauer spectra can occur in glasses 
containing small amounts of iron, generally below approximately 3 or 4 molar % 
in silicate glasses [1 - 3,9 - 12]. Hfs manifests in Mössbauer spectra as 
overlapping sextets which occur over a wide velocity range. Figure 6.4.1. a. gives 
an example of a spectrum containing hfs. Hfs cannot be resolved at ambient 
temperatures, where it appears as only a broad, smeared signal [1,3,9 - 13]. The 
sample must be cooled to liquid He temperatures in order to resolve the hfs. The 
reasons for this were discussed in some depth by Kurkjian & Buchanan [1] and by 
Williams et al [12]. Doublet and sextet components arise when the atomic 
Chapter 6. Mössbauer Spectroscopy 152 
relaxation time is respectively shorter and longer than the Mössbauer sensing time 
rm. Atomic relaxation is caused by a combination of spin-lattice (temperature- 
dependent) and spin-spin (concentration-dependent) mechanisms. The resulting 
relaxation time rR is expressed as follows: 
1=1+1 (Equation 6.2.3. a. ) 
TR T, TZ 
where z, = spin-lattice relaxation time and z2 = spin-spin relaxation time. 
The only requirement to measure the paramagnetic hfs is that the spin relaxation 
time zR be sufficiently long to present a stationary hyperfine field to the nucleus 
for a sufficiently long time (). 
When the concentration of Fe ions is low, average inter-Fe distances are large and 
the spin-lattice mechanism predominates. Spin-spin relaxation times are large 
therefore zR is large, and so rR > rm. This produces sextets which are only fully 
resolved at very low temperatures. This is because spin-lattice is by far the 
quicker of the two mechanisms at ambient temperatures and only by removing all 
of the thermal energy can this mechanism be slowed enough so as to allow full 
and accurate resolution of the spectrum. With increasing concentrations of Fe 
ions, spin-spin relaxation times decrease due to lower average inter-ionic 
distances, thereby reducing zR such that rR < Dm. This produces only doublet 
components. The sextet therefore gradually disappears as the iron concentration 
increases, leaving only the doublet components. The actual iron content at which 
the sextet disappears is affected by glass composition, but generally appears to be 
between 3 and 5 molar % Fe203 [1,3,9 - 12]. 
The spin-lattice relaxation time is short for Fe 2+ ions, and thus the spin-lattice 
mechanism ensures that rR«r, at all temperatures for Fe" ions. This means that 
Fe 2+ ions only produce a quadrupole doublet. The sextet is caused by isolated Fe3+ 
ions, which have slow spin-spin relaxation times. Fe3+ ions in glass exhibit 
paramagnetic behaviour whereas Fe 2+ ions do not, thus paramagnetic hfs for Fe" 
ions is observed without applying an external magnetic field. 
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Mössbauer spectroscopy of very low levels (0.08 atomic %) of Fe" in corundum 
[14] resolved three overlapping hyperfine sextets associated with the crystal field 
sub-levels SZ =± 5/2, SZ =± 3/2 and SZ =± 1/2. Williams et al [12] discussed the 
implications of this work and concluded that although higher iron levels (z0.2 
molar % Fe203) should give rise to doublet components due to decreased average 
spin-spin relaxation times, the glassy environment causes Fe3+ ions to exist with a 
range of values of crystal field splittings of the sub-levels S. This reduces the 
frequency with which the spin-spin mechanism occurs. Thus "the glassy nature of 
the samples lengthens the low temperature atomic relaxation time to yield sextet 
Mössbauer components in samples with iron concentrations up to 4 molar % 
Fe203" [12]. 
In float glasses containing 0.199 - 4.0 molar % Fe203 the sextets from the highest 
two sub-levels, SZ =± 5/2, SZ =± 3/2, were resolved at sufficiently low 
temperatures [12]. The sextet for the S. =± 5/2 sub-level gave by far the stronger 
signal, contributing 40 % of the area of the spectrum as opposed to 16 % from S. 
=± 3/2. The Fe 3+ components were explained by the following criteria: 
zR < Zm Fast relaxation between ligand field sub-levels S. =± 1/2 
TR -- zm Intermediate rate relaxation between ligand field sub-levels SZ =± 3/2 
zR > rm Slow relaxation between ligand field sub-levels S. =± 5/2 
Even at the relatively low Fe203 content of 0.199 molar %, the doublet component 
associated with exchange-interacting (clustered) Fei ions accounted for 17 % of 
the total area, i. e. the total Fe content [12]. 
6.2.4. Debye Temperature 
Both isomer shift and absorption area are affected by temperature [15 - 17]. The 
former can be used as a method of measuring the Debye temperatures or lattice 
specific heats of Fe2+ and Fe3+ in glass. The energy corresponding to the highest 
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vibrational frequency of the nucleus is usually expressed in terms of the 
corresponding temperature, called the Debye temperature, AD. 
The variations in centre shift with temperature can be explained as second-order 
Doppler shifts. The measured shift, or centre shift, is a sum of the isomer shift 
plus this temperature dependence. A simplification of the Debye formula gives 
equation 6.2.4. a. 
OD _ 
1ER 
Equation 6.2.4. a. ) k* slope 
where OD = Debye temperature, recoil energy ER = 1.9 * 10"3 eV for "Fe, k= 
Boltzmann's constant, and slope = slope of graph of Ln A vs. T, where A= 
absorption areas of Fe2+ and Fe3+ components. Thus it is possible to calculate °D 
from fitting parameters. It is also possible to find °D from the temperature 
dependence of the centre shift. Both techniques require measurements at several 
different temperatures. 
As may be expected, OD is strongly affected by glass composition. Values of 
OD(Fe3+) in silver vanadate glasses were 344 K and 279 K depending upon 
network structure [18]. In sodium aluminophosphate glasses, 6D (Fe2+) = 230K and 
OD (Fe 3+) = 385 K [16]. In borate glasses, OD(Fe3+) = 296 K was found [19]. In a 
series of sodium silicate glasses, Johnson et al [20] found 0D(Fe2+) = 258 K and 
6D(Fe3+) = 312 K. They found this to be a consequence of different metal-oxygen 
bond strengths of the two redox states. The higher the value of OD, the more 
tightly-bound the Fe-ion in the network. Indeed, Nishida [8] noted that 
en(Fe3+octahedrai) < 280 K< OD(I"e3+tetrahedmi) 
The literature indicates that 6D(Fe3+) > OD(Fe2+), with glass composition having a 
strong effect on exact values. An approximate "cutoff' appears to occur in the 
more common glass systems, such that: 
6D(Fe2+) <300 K< OD(Fe3+) 
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6.2.5. Recoil-Free Fraction, f 
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Calculation of the recoil-free fraction is possible using equation 6.2.5. a., which 




6ER 1+T (' 
- 
(Equation 6.2.5. a. ) f= exp f e" -1 kAD 4 AD 0 
f is the recoil-free fraction, ER is the recoil energy of the nucleus, k is Boltzmann's 
constant, AD is the Debye temperature, and T is temperature. At low temperatures 
T« 8D and the last term in the exponent is negligible. 
The recoil-free fraction f is a function of glass composition, iron valence and iron 
coordination [3]. This means that to assume f 3+/f 2+ = 1.0 for all redox states and 
coordinations in a glassy matrix may not be correct. This may in turn lead to 
inaccurate measurement of Fee+/Fe3+ ratios. In many minerals, f 3+/ fZ' < 1. Values 
of 0.91,0.87 and 0.91 were found at 300 K for hornblende, crocidolite and cesium 
trioxalate ferrate [21]. This indicates that Fe2+ concentrations would be 
overestimated by about 10 % with respect to Fei+. 
Coordination also affects f, for example f3+Octa If "tt. values of 0.94,0.85 and 0.96 
are given for yttrium iron garnet, BaFe12O19, and Ca2Fe2O5 respectively [21]. In 
chromite, a member of the spinel family, f 2+Oc / f3+te". = 0.94 [211. 
No specific studies could be found on f3+/ fz+ of iron species in glasses, and most 
workers have adopted f 3+/f 2+ = 1.0 for their calculations. This assumption gives 
good agreement between redox ratios measured by Mössbauer and wet chemical 
methods [12,22]. It was noted by Dyar [6], however, that it is well-known that f2 
<f 3+ in many minerals. Thus it was possible that the same phenomenon could 
occur in glasses, causing underestimation of Fee+/EFe. This statement was not 
backed up with any quantitative results. 
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6.2.6. Coordination of Fe2+ and Fe3+ 
Early work by Kurkjian & Buchanan [1] was conducted on 3SiO2. Na20 glasses 
containing 0.1 -5 molar % Fe203. They observed a hyperfine sextet, or 6-line 
hyperfine spectrum at very low temperatures. This hyperfine component 
decreased in intensity as the iron content of the glass increased, and at 5% Fe203 
it had disappeared and only the quadrupole doublets remained. By comparing 
values of S for a number of iron compounds, it was shown that Fe2+ exists in 
octahedral coordination. 
Coordinations of iron ions in glasses have often been inferred from Mössbauer 
data, usually from centre shifts and quadrupole splittings [1 - 4,6 - 8,13,16,20, 
22 - 40]. Dyar [6] proposed a set of general rules after consulting over 150 works 
up to 1985: 
5 (Fe3+tenearai) = 0.20 - 0.32 mm s'' 
5 (Fe3+octahe, ) = 0.35 - 0.55 mm s" 
5 (Fe2+tCtMhe"1) < 1.0 mm s'' 
5 (Fe2+octaheam, ) >1 .0 mm s'' 
Tomandl [41] proposed the following general rules which are similar to those of 
Dyar: 
5 (Fe3+tetrahedral)= 0.2 - 0.4 mm s" 
5 (Fe'+octaheam, ) = 0.4 - 0.6 mm s" 
A (Fe3+tetrahedral) - 0.7 - 1.0 mm s 
A (Fe3+octahe, ) = 0.3 - 0.9 mm s" 
Values of 5 for both Fe2+ and Fe3+ in glass are a little larger than in crystalline 
materials because of the decreased 4s-electron density and covalency [41]. 
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Quadrupole splitting, A, gives information on coordination since distorted 
Fei+tet hedra1 generally has a lower symmetry than distorted Fei+ixtahedM1* 
It occurs that regardless of matrix composition or valence, 
8 (tetrahedral) <8 (octahedral) 
The actual effects of glass composition on 8 and A are often difficult to measure, 
since factors such as iron content and redox also play a role. 
Between two and four doublets have usually been fitted to measured spectra. 
Simplest and most popular has been the two-doublet approach, one each for Fe2+ 
and Fei+. This was done by early workers such as Gosselin et al [15] Belyustin et 
al [42], and is still used to this day. One doublet each for tetrahedral and 
octahedral Fe" ions, plus one for Fe2+ has also been used [26,29,36,43,44]. 
There has been some reluctance to fit four doublets. This may be due to the 
general consensus that fitting of a fourth doublet is statistically unjustified. Zhou 
et al [39] fitted four doublets to spectra of Si02-Na2O-Al203-ZnO-Fe3O4 glasses. 
The dilemma here is whether fitting more than two doublets, one for Fe2+ and one 
for Fei+, actually mirrors the site occupancies or whether it simply gives better 
statistical fitting. This is highlighted by Joseph & Pye [5], who say "Though the 
assumption that the Mössbauer spectrum is composed of a large number of peaks 
may lead to a better fit, the results may not represent the actual distribution of iron 
in the glass. In those cases where the Mössbauer isotope is suspected to exist in all 
possible configurations, it is necessary to confirm the results...... using other 
techniques". 
Temperature has been shown to affect S, r and e [15 - 17]. The variation of r 
with temperature can be explained by the resolution of the hyperfine sextet caused 
by isolated Fe3+ ions at low temperatures. At higher temperatures, the sextet 
"smears" to become a broad signal which introduces inaccuracies in linewidths of 
any doublets fitted. 
Both 5 and A decrease with increasing temperature [10,15 -. 17,45]. The same 
trends were found in many different systems, hence the effect is not composition- 
dependent. Approximately linear relationships exists between 8 and T and 
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between 0 and T [15,16]. The slopes of these relationships differ greatly. 
Gosselin et al [15] found strong temperature dependence of both A(Fe2+) and 
0(Fe3+), but Taragin et al [16] later found i(Fe'+) was independent of temperature. 
Both 8 (Fe3+) and 8 (Fe2+) increase with increasing temperature [10,15 - 17]. 
Temperature should not affect high-spin A(Fe3+), since the only contribution is 
from the ligand field [16]. Deviations from perfect tetrahedral or octahedral 
symmetry may introduce a weak temperature effect, so 0(Fe3+) should be little 
affected by changes in 'temperature. Decreasing A with increasing temperature 
indicates increasing lattice symmetry [15]. 
6.2.7. Linewidth, r' 
Linewidths for "Fe in glassy materials are greater than in comparable crystalline 
materials. This is attributed to greater variation in site parameters due to the 
nature of a distorted glassy matrix [3]. Many workers have discussed the 
phenomenon of decreasing linewidths with increasing Fe concentration [15,24, 
29,42,44]. For some [15,24] it is explained by the fact that the spectra were not 
measured at low temperature so the Fe3+ hfs was not resolved. Instead it was a 
broad smear, causing broadening of the observed Fe3+ doublet whilst leaving the 
Fe2+ doublet unaffected. Increasing iron content up to about 3% Fe203 therefore 
caused a decrease in the apparent Fe 3+ linewidth. This effect would decrease with 
increasing iron content as the hfs disappeared. Detailed work by Williams et al 
[12] showed that even when measured at 4 K, doublet T(Fe3+) still decreased with 
increasing Fe203 content up to 4 molar %. Linewidth indicates the range of site 
parameters. Results which cannot be explained by wrong measurement 
temperature thus suggest a wider range of site occupancies at low Fe 
concentrations. The range of site occupancies is wider for Fe 3+ than Fee+. This 
agrees well with the general view that in silicate glasses, Fe 3+ ions are present in 
appreciable numbers in both tetrahedral and octahedral sites and Fe 2+ ions are 
Chapter 6. Mössbauer Spectroscopy 159 
predominantly situated in distorted octahedral sites [1 - 3,9,15,16,25,26,30, 
37,39,46 - 54]. An increase in IF indicates a wider range of site occupancies, 
probably involving a change in average coordination number. 
Linewidth is influenced by glass composition. Silicate glasses exhibit a larger 
range of site occupancies than borate and phosphate glasses, according to the 
detailed review of Dyar [6]: 
Phosphate Glasses r -- 0.4 - 0.6 mm s'' 
Borate Glasses r 0.6-0.9mms"' 
Silicate Glasses IF sze 0.4 - 1.2 mm s'' 
Linewidths of Fe2+ and Fe3+ doublets have been found to change with composition 
in binary alkali silicate glasses containing Fe203 [40]. Increasing the size of the 
alkali ion from Li to Na to K showed a progressive decrease in r(Fe'+). This 
indicates that the range of site occupancies and distortions decreased with 
increasing size of alkali ion, probably because as they become larger they are less 
polarising and exert weaker influences on Fe-0 polyhedra. There was some 
variation in r(Fe2+), but no obvious trend. 
6.2.8. Effects of Iron Concentration 
Conflicting evidence exists concerning other Mössbauer parameters of glasses 
with varying iron content. Several workers found that 0(Fe3+) increased with 
increasing iron content in a number of glass systems including silicates [29,30, 
32,39,44] and borosilicates [34]. The size of these increases was affected by 
composition and possibly by fitting methods. Other work on silicate glasses 
showed no change in A(Fe3 `) with increasing iron content [15,24]. The reasons 
for this disagreement are not clear. One notable difference is that all the papers 
showing increasing A(Fe3+) with iron content used two doublets to fit the Fe3+ 
component, one each for tetrahedral and octahedral sites. The papers showing 
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little or no change in 0(Fe3+) used only one doublet to fit the Fe" component. 
Early work [15,23,24,42] highlighted differences when comparing redox ratios 
measured by Mössbauer spectroscopy with those measured by wet chemical 
analysis. Results indicated that the two techniques essentially agreed at iron 
contents above about 3 molar % Fe203. Below this level, Mössbauer 
measurements indicated large changes in the redox which increasingly favoured 
Fe 2+ with decreasing iron content. The possibility that f- values were not equal to 
1.0 was considered, but if this was the case there would be disagreement between 
the techniques at all Fe203 concentrations and not just low levels. 
Williams et al [12] have shown how by measuring spectra at liquid He 
temperatures and wide velocity ranges where the absorption due to hfs relaxation 
is included, there are good correlations between wet chemical and Mössbauer 
measurements of Fee+/EFe at all Fe203 contents in silicate glasses. Other workers 
[11,22] have found good agreement between the techniques for iron contents 
where no hfs was expected. 
6.2.9. Composition - Redox - Coordination Interactions 
In a series of papers, Mysen & co-workers [13,31,33,36,37] investigated and 
discussed the interaction between redox and changes in Mössbauer parameters of 
alkaline earth silicate and alkaline earth aluminosilicate glasses containing iron. 
Changes in S and 0 of the Fe"' and Fe" components with changing redox were 
interpreted as being due to coordination changes. Isomer shift of Fei+, S(Fe3+), was 
found to be sensitive to redox regardless of the bulk composition, temperature and 
oxygen fugacity of the melt. When Fei+/EFe > 0.6,8(Fe3+) was approximately 
constant at 0.3 mm s'' and Fe 3+ ions were in tetrahedral sites. When Fei+/EFe < 
0.3,8(Fe3+) was approximately constant at 0.5 mm s' and Fe 3+ ions were in 
octahedral sites. Between these two levels a rapid transition took place such that 
an increase in oxidation led to a drop in 6(Fe3+) and Fe 3+ ions occupied a 
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combination of tetrahedral and octahedral. Quadrupole splitting of Fe", 0(Fe'+), 
decreased approximately linearly with increasing values of Fee+/EFe, but was 
approximately constant when Fee+/EFe < 0.2. Both the changes in S(Fe'+) and 
A(Fe3+) indicated that the average Fe3+ coordination became more tetrahedral with 
increasing Fe'+/EFe. 
Isomer shift and quadrupole splitting values have indicated that in lithium, sodium 
and potassium silicate glasses containing Fe203, the Fe3+ ions occur mostly in 
tetrahedral coordination [2,3,33], even more so in the K2O glass than the Na2O 
glass [3]. In phosphate glasses, S(Fe3+) indicated that Fe3+ ions were mostly in 
octahedral coordination [2,3]. 
In soda-lime-silica glasses containing 20-35 % Fe203, the Fee+/Fe3' ratio increased 
with decreasing glass basicity and the replacement of Na2O by CaO [26]. The 
Fei+atahedm, / Fei+W, 
Mhed,., ratio appeared to 
be unaffected by the replacement of Na2O 
by CaO, however both S and 0 increased almost linearly with the replacement, 
which could be interpreted as indicating a change in average coordination. 
In alkali silicate glasses containing iron, it was found that valence and 
coordination of iron were functions of, amongst other parameters, iron content 
and amount and type of alkali ion [2,40]. Measurements showed decreases in 
S(Fe3+) and 0(Fe3+) with increasing alkali ionic size or decreasing cation field 
strength because of an increasing s-electron density at the Fe nucleus. These 
decreases were almost linear when plotted against increasing optical basicity of 
the glass [40]. Hence the observed dependence of S with alkali ionic size or cation 
field strength or optical basicity means that the electron density at the Fe nucleus 
is determined by second nearest neighbour cations [40]. 
Slight differences can be found when comparing the results of Kurkjian & Sigety 
[2] and Burkhard [40]. Both papers concerned alkali silicate glasses although with 
slight compositional differences. Increasing alkali ionic radius from Li to Na to K 
resulted in a small decrease in S(Fe3+) and no change in I'(Fe'+) in the work of 
Kurkjian & Sigety [2], however Burkhard [40] showed a more pronounced 
decrease in S(Fe3+), accompanied by a substantial decrease in F(Fe'+), with 
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increasing alkali ionic radius. Both sets of results showed a substantial decrease in 
i(Fe3+) with increasing ionic radius. In the earlier paper [2], the lithium silicate 
glass crystallised and had to be re-melted under different conditions from the 
sodium and potassium silicates. The crystallisation problem was avoided in the 
later paper [40] by quenching the glass upon pouring. These differences in 
preparation probably contributed to the differences in measured Mössbauer 
parameters. 
In lead borate glasses containing 5-50 % iron, S(Fe3+) decreased with increasing 
Fe203 content and 0(Fe2+) increased with increasing Fe203 content [30]. The 
Fei+octahedral/ Fei+tetrahedral ratio was unaffected by Fe203 content in the range studied. 
Redox was strongly affected by Fe203 content, decreasing from Fe 2+/Fe 3+ = 0.8 to 
0.4 as Fe203 % increased from 10 - 50 %. It is possible, however, that insufficient 
equilibration time was allowed during melting and this would have seriously 
affected the results. 
In CaO-MgO-Si02 glasses, both Fe3+ and Fe 2+ occupy octahedral sites [13]. It was 
thought that this is because CaFe2O4 and MgFe2O4 complexes are not stable in 
molten silicates. It was therefore concluded that only alkali ions such as Na+ and 
KK etc. stabilise Fei in tetrahedral coordination, and providing sufficient alkali 
metal ions are present in a melt then Fe3+ ions occur in tetrahedral coordination. 
Waff [55] found that (Na, K) Fei+02 complexes are more tightly-bound and 
therefore, more stable than (Mg, Ca) Fei+02 complexes. This work agreed with 
Mysen et al [13], who found that a progressive decrease of M+ / M2 of a magma 
resulted in Fe 3+ ions shifting from tetrahedral to octahedral coordination.. These 
results disagreed with those of Levy et al [26], who found no effect in silicate 
glasses with the progressive replacement of Na2O by CaO, although perhaps 
within the range studied there was sufficient Na+ present to stabilise Fe 3+ in 
tetrahedral sites regardless of the number of Ca2+ ions added. Gerlach et al [56] 
found that alkaline earth ions can stabilise Fe3+ in tetrahedral sites. Mössbauer 
parameters of Mysen et al [33] indicated increasing distortion of the Fe 3+ 
tetrahedra as the cation field strength of the charge-balancing cation increased. 
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The value of 0(Fe3+) increased with increasing cation field strength of the alkali 
ion [33]. This was suggested to be the result of increasing distortion of the Fe3+ 
tetrahedra as the cation field strength of the charge-balancing cation increases. 
Quadrupole splitting of Fe" components was generally found to increase with 
decreasing Fee+/ZFe, which again may be indicative of the coordination changes 
discussed previously. 
Linear increases in S and A for Fe2+ and Fe3+ were found in lithium vanadium 
borosilicate glasses containing up to 12.5 % Fe203 [34]. At low iron contents, 
results indicated that iron was a network modifier, whilst at higher iron contents it 
was a network former. Slight increases in isomer shifts with increasing iron 
content indicated a decrease in the degree of covalency of both Fe'+ and Fe 3+ 
6.3. Results 
Mössbauer spectra were analysed in terms of the Fee+/EFe ratio, centre shift (S), 
quadrupole splitting (A), and linewidth (r). Most spectra were fitted with two 
Lorentzian doublets, one each for Fe2+ and Fe 3+ ions. Two samples were measured 
with wide velocity ranges at 7K and the resulting spectra were fitted with two 
doublets and two sextets. 
Results from wet chemical redox analysis and optical spectroscopy indicated that 
there was little change in Fee+/EFe ratio throughout the series of Si02-Na2O-CaO 
glasses containing 1-5% Fe203. This prompted the questioning of the accuracy 
of the 293 K Mössbauer results for the glasses containing 1 and 2 molar % Fe203. 
When the concentration of Fe203 in glasses is very low, overestimation of the 
Fee+/EFe ratio from Mössbauer measurements can occur (see chapter 6.2.8. ). In 
order to measure these samples accurately, they must be cooled to near liquid He 
temperatures (- 7K), and measured with a wider velocity range of ± 12 mm s"' 
(see chapter 6.2.3. ). 
Subsequent measurement of spectra under these conditions showed hyperfine 
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splitting in the 1% and 2% Fe203 samples. Fitting the spectra gave Fee+/EFe 
ratios closer to those for the 3-5% Fe203 samples, and there was much better 
agreement with wet chemical and optical results. 
6.3.1. Varying Fe203 Content 
Si02-Na2O-CaO glasses containing 1,2,3,4,5 molar % Fe2O3 were analysed by 
Mössbauer spectroscopy. The samples containing 1% and 2% Fe203 were 
measured at 7K and in the velocity range of ± 12 mm s'' in order to resolve the 
hyperfine splitting components. The samples containing 3 %, 4% and 5% Fe203 
were measured at 293 K and in the velocity range ±5 mm s"'. It was expected that 
there would be little or no hfs present in these samples, on the basis of results 
from previous studies [1 - 3,9,10,12,54]. Figures 6.3.1. a., 6.3.1. b., and 6.3.1. c. 
show the fitted spectra for the 1 %, 2% and 5% Fe203 samples, respectively. All 
measured parameters are given in table 6.3.1 . a. 
Figure 6.3.1. a. Mössbauer Spectrum of Si02-Na2O-CaO-1 % Fe203 Glass at 7K 
-12 -10 -8 -6 -4 -2 02468 10 12 
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Figure 6.3.1. b. Mössbauer Spectrum of Si02-Na2O-CaO-2 % Fe203 Glass at 7K 
-12 -10 -8 -6 -4 -2 0246B 10 12 
RELATIVE VELOCITY (MM/5) 
Figure 6.3.1. c. Mössbauer Spectrum of Si02-Na2O-CaO-5% Fe203 Glass at 293 K 
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Table 6 3.1. a. Mössbauer Parameters of Si02-Na2O-CaO Glasses containing 1- 5 
% Fe203 
Fe203 Molar % 1 2 3 4 5 
Fee+/EFe * 100 2 21.16 21.99 19.38 13.28 16.33 
CS (Fe2+) / mm s', ± 0.02 1.06 1.07 1.02 1.00 0.98 
QS (Fe2+) / mm s'', ± 0.03 2.24 2.31 2.07 2.03 1.99 
LW (Fe 2) / mm s'', ± 0.03 0.99 0.89 0.67 0.56 0.55 
Area (Fe2+) % 21.16 21.99 19.38 13.28 16.33 
CS (Fe'+doublet) / mm s'', ± 0.02 0.44 0.44 0.29 0.28 0.27 
QS (Fe3+doublet) / mm s'', ± 0.03 0.91 0.91 0.91 0.92 0.91 
LW (Fe 3+ doublet) / mm s'', ± 0.03 1.08 1.02 0.72 0.64 0.66 
Area (Fe 3+ doublet) % 29.54 44.93 80.62 86.72 83.67 
CS (Fe3+ sextet A) / mm s'', t 0.02 0.40 0.44 - - - 
LW (Fe3 ' sextet A) / mm s'', t 0.03 1.46 1.81 - - - 
Area (Fe3+ sextet A) /% 31.75 22.35 - - - 
CS (Fe 3+ sextet B) I mm s'', ± 0.02 0.47 0.38 - - - 
LW (Fe'+ sextet B) / mm s'', t 0.03 2.000 2.000 - - - 
Area (Fe 3+ sextet B) / mm s" 17.55 10.74 - - - 
The areas contained by the doublets and sextets indicate the relative abundances 
of Fe2+ and Fe 3+ ions, hence the Fee+/EFe ratio. This assumes that the recoil-free 
fraction, f, of Fe2+ and Fe3+ ions is equal, which has not been proven in silicate 
glasses (see chapter 6.2.5. ). The Mössbauer results suggest a change in redox with 
Fe203 content (see table 6.3.1. a. ), but these results should not be used without 
corroborating evidence, as the 1% and 2% samples were measured under 
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different conditions to the 3-5% samples. The Fee+/EFe ratios measured were 
generally 15 - 20 %, showing differences of only a few percent with changing 
Fe203 content. 
A linear regression was used to predict the amounts of Fe3+ ions giving rise to 
doublet and sextet components at all the studied iron contents (see table 6.3.1. b). 
This regression followed the relationship C oc (Fe203)2, established from ESR 
measurements in both this study and other work (see chapter 5). Values of redox 
were from Mössbauer measurements where possible, and wet chemistry for <1% 
Fe203. 
Table 6.3.1. b. Predicted Distribution of Sites Based on C oc (Fe203)2 




0.1 0.01 15 63.0 22.0 
0.2 0.04 16 61.9 22.1 
0.5 0.25 16 59.6 24.4 
1 1 21.16 49.3 29.6 
2 4 21.99 33.1 44.9 
3 9 19.38 22.2 58.4 
4 16 13.28 16.1 70.6 
5 25 16.33 10.9 72.8 
Centre shifts of Fe2+ and Fe3+ doublets show a general decrease with increasing 
Fe203 content, highlighted in table 6.3.1. a. and figure 6.3.1. d. The apparent 
"jump" in 5 between 2% and 3% Fe203 is caused by the difference in 
measurement temperature for the 1% and 2% samples. 
Values of i(Fe2+) show that despite the difference in measurement temperature for 
Chapter 6. Mössbauer Spectroscopy 168 
the 1% and 2% samples, a general decrease in 0(Fe2+) occurs with increasing 
Fe203 content. The value of 0(Fe3+) is unaffected by Fe203 content. 
Linewidth may be affected by the difference in measurement conditions between 
the 1- 2% and 3-5% Fe203 samples, however table 6.3. l. a. and figure 6.3.1. e. 
show that there is a general decrease in r with increasing Fe203 content. The rate 
of change in r(Fe2+) and I'(Fe3+) is greatest at low Fe203 contents. 
Figure 6.3.1. d. Centre Shift (Relative to a-Fe) of Doublets Fitted to Si02-Na20- 
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Figure 6.3.1. e. Linewidths of Doublets Fitted to SiO2-Na2O-CaO Glasses 
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6.3.2. Varying Glass Composition 
Glasses of the general compositions SiO2-R20-BaO and Si02-Na2O-RO, each 
containing 5 molar % Fe203 were analysed at 293 K and in the velocity range ±5 
mm s'. Fitted parameters for each sample are shown in tables 6.3.2. a. and 6.3.2. b. 
The effects of composition on centre shift, quadrupole splitting, and linewidth are 
shown in figures 6.3.2. a., b and c, respectively. Trends are as follows: 
i) The Fee+/EFe ratio decreased strongly with increasing ionic radius of the alkali 
ion, but was largely unaffected by alkaline earth ion type. The behaviour of the 
MgO glass was anomalous. 
ii) S(Fe2+) and S(Fe3+) decreased with increasing alkali ionic radius and decreasing 
alkaline earth ionic radius and were inversely proportional to ionic radius ratio. 
iii) With increasing optical basicity, i(Fe2+) increased proportionately and 0(Fe3+) 
decreased proportionately. 
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iv) r(Fe2+) and I'(Fe3+) have similar values and decrease approximately linearly 
with increasing optical basicity. 
Table 6.3.2. a. Mössbauer Parameters for Si02-R20-BaO-5 Molar % Fe203 Glasses 
Alkali Oxide Li20 + 
Na2O 
Na20 K20 Rb2O Cs20 
Fee+/ZFe * 100 %, ±2 14.55 16.84 9.52 11.33 9.35 
CS (Fe2+) / mm s', ± 0.02 1.09 1.07 0.96 0.99 0.91 
QS (Fe2) / mm s'', t 0.03 1.96 1.95 2.18 2.08 2.04 
LW (Fe 2+) / mm s'', t 0.03 0.59 0.53 0.57 0.52 0.46 
CS (Fe 3) / mm s'', ± 0.02 0.31 0.30 0.27 0.26 0.26 
QS (Fe 3+) / mm s'', ± 0.03 0.90 0.89 0.80 0.78 0.75 
LW (Fe 3+ / mm s4, ± 0.03 0.59 0.59 0.57 0.52 0.53 
Table 6.3.2. b. Mössbauer Parameters for Si02-Na20-RO-5 Molar % Fe203 
Glasses 
Alkaline Earth Oxide MgO CaO SrO BaO 
Fee+/ZFe * 100 %, ±2 16.67 16.33 18.30 16.84 
CS (Fe2+) / mm s", ± 0.02 0.98 0.98 1.05 1.07 
QS (Fe2) / mm s'', ± 0.03 1.95 2.00 1.94 1.95 
LW (Fe2) / mm s', ± 0.03 0.69 0.55 0.60 0.53 
CS (Fe3) / mm s'', ± 0.02 0.24 0.27 0.30 0.30 
QS (Fe34) / mm s'', ± 0.03 0.92 0.91 0.91 0.89 
LW (Fe') / mm s"', ± 0.03 0.65 0.66 0.60 0.59 
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Redox ratios measured by Mössbauer spectroscopy for these glasses were strongly 
affected by alkali type, but remained largely unaffected by alkaline earth type. 
These trends can be plotted against either alkali / alkaline earth ionic radius ratio 
or optical basicity, and yield rough relationships showing that the Fee+/EFe ratio 
decreases with increases in either scale. 
6.4. Discussion 
6.4.1. The Effects of Fe203 Content 
Caveat: Ideally, centre shift values should be corrected for both temperature and 
volume effects in order to look specifically at the contribution from local 
chemistry. Unfortunately this requires a large number of samples and was not 
possible in this work. Therefore caution must be taken when using some centre 
shifts in this study. For example the direct comparison of Mössbauer parameters 
gained from spectra measured at different temperatures, such as comparing those 
for the 1% and 2% Fe203 glasses (7 K) with those for the 3-5% Fe203 glasses 
0.57 0.58 0.59 0.6 0.61 0.62 0.63 0.64 0.65 
Theoretical Optical Basicity, Ah 
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(293 K) can be problematic. 
As discussed in chapters 6.2.4. and 6.2.6., temperature has been shown to affect 
6, A and I'. Table 6.3.1. a. shows that a "jump" occurs in parameters between those 
measured at 7K and at 293 K. Despite the expected differences due to 
temperature effects, it can be seen that generally, trends in results continue 
through 1-2 % (7 K) and 3-5 % (293 K). This indicates that although they may be 
exaggerated by the temperature effects, nonetheless they are real. 
Two hyperfine sextets were fitted to the 1% and 2% Fe203 spectra, in accordance 
with similar work by Williams et al [12]. These represent slow and intermediate 
rate relaxations between ligand field sub-levels S. =± 5/2 and S. =± 3/2, 
respectively. The sextet due to fast relaxations between the S. =t 1/2 sub-levels 
was not fitted for two reasons: 
i) This sextet appears in the velocity range normally associated with quadrupole 
doublets and would be masked by these stronger signals. 
ii) The area contained by this sextet is the smallest of the three sextets, and hence 
is unlikely to have much effect on the fitted spectrum. 
Values of 6(Fe2+) and 6(Fe3+) doublets are in agreement with a large body of work 
on similar glasses discussed in chapter 6.2.6. for all iron concentrations studied. 
The values of S(Fe2+) occur near the "borderline" between values associated with 
octahedral and tetrahedral coordinations, according to Dyar [6]. Other workers 
gave values of S(Fe2+) which are in close agreement with those found in this study 
[2,9,17,23,40]. The general consensus is that Fe2+ is mainly octahedrally- 
coordinated in soda-lime-silica and similar glasses, and the values of S(Fe2+) 
obtained in this study are in agreement. There is a suggestion that a small amount 
of Fe2+ ions may be tetrahedral in coordination. 
The decrease in S(Fe2) with increasing Fe203 content indicates a slight move 
towards more tetrahedral character of Fee+. The size of this change is small, and 
thus the change in the ratio of octahedral / tetrahedral sites must also be small. 
Centre shift is strongly affected by temperature, and so the results for the 1% and 
2% samples could be expected to be higher, however the decrease continues 
Chapter 6. Mössbauer Spectroscopy 174 
through 3-5% Fe203, which were measured at the same temperature, so is real. 
Hyperfine sextets notwithstanding, only one doublet was fitted for Fe3+ ions, 
whereas some workers [9,41] fitted 2 doublets for Fei+, one each for tetrahedral 
and octahedral sites. It is agreed that 8(Fe3+Otahedral) > Sie3+tetmhedral)" The single 
doublet fitted in this study gives a centre shift that indicates increasingly 
tetrahedral coordination of Fe 3+ ions with increasing Fe203 content. The 1% and 2 
% Fe203 samples gave S(Fe3+) values within the range associated with octahedral 
sites, however it is likely that this is caused by the effects of low temperature 
which increase the centre shift and should thus be disregarded. Centre shifts 
indicate increasingly tetrahedral coordination of both Fe 2+ and Fe3+ ions with 
increasing Fe203 content. It is not possible to quantify the extent of this change in 
terms of site occupancies. 
Quadrupole splitting for the Fe" and Fe" doublets agree with values quoted for 
similar glasses in the literature. They are consistent with octahedral Fe2+ and 
tetrahedral Fei+, although some octahedral Fe3+ may also be present. Values of 
0(Fe2+) fell slightly with increasing Fe203 content, indicating the move towards 
more tetrahedral coordination deduced from centre shifts. The A(Fe3+) remains 
constant at all measured Fe203 contents. Possible reasons for this were discussed 
by Taragin et al [16]; the charge distribution in Fe' is spherically symmetric 
when the electrons are in high-spin configuration, hence the only contribution to 
the quadrupole splitting comes from the crystal field and the splitting should be 
independent of temperature. The quadrupole splitting in Fe' compounds is a 
result of the distortion of the site from cubic symmetry. The lack of change in 
A(Fe3+) with iron content was slightly surprising, since a large body of literature 
suggested it would change (see chapter 6.2.8. ). The literature which does agree 
with these findings generally fitted one doublet, and not two, to the Fe 3+ 
component (see also chapter 6.2.8. ). Interpretation of the data becomes somewhat 
difficult, because it was concluded from centre shift data that Fe' ions become 
more tetrahedral in their coordination with increasing iron content. This may 
accompany clustering. One may expect this to be accompanied by a change in 
symmetry, hence a change in 0(Fe3+), but this does not occur. A possible 
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explanation is that the Fe3+ quadrupole doublet is attributable to exchange- 
interacting Fe3+ ions, often referred to as "clustered". Within these clusters, which 
are present at all iron contents, the symmetry surrounding Fe" ions may be well- 
defined relative to the symmetry around isolated Fe" ions. If with increasing iron 
content, the "extra" Fe 3+ ions either form new clusters or add to existing ones, 
they would take up symmetries similar to those already in existence, hence very 
little change in average symmetry. Some of the "extra" Fe 3+ ions would be 
isolated and therefore not contribute to the quadrupole doublet so are of no 
concern when discussing i(Fe3+). This does not, however, explain the 
discrepancies in the literature and with these results. Fitting methods probably 
play a role, yet it seems likely that if A(Fe3+) increases, it would do so no matter 
which fitting procedure was used. 
Linewidths for the quadrupole doublets show large decreases with increasing 
Fe203 content. Gosselin et al [15] showed that IT remained approximately constant 
for both Fe2+ and Fe3+ below -500 K, so the measurements should be unaffected 
by temperature and are easier to interpret. The behaviour of each linewidth closely 
mirrors that of the other; although T(Fe3+) > I'(Fe2+) for all Fe203 concentrations 
measured. These data indicate a much wider range of site occupancies by both 
Fe2+ and Fei' at low (< 2 %) Fe203 contents. If the move towards tetrahedral 
coordination with increasing Fe203 content indicated by S and 0 is taken into 
account, some octahedral sites with varying degrees of distortion must become 
tetrahedral sites. This may accompany a narrower range of sites and distortions, 
which would cause line narrowing in Mössbauer spectra, i. e. smaller linewidths. 
The greater values of F(Fe3+) indicate a wider range of site occupancies for Fe 3+ 
than for Fee+. This agrees with the evidence that Fe 2+ is predominantly octahedral 
but Fe 3+ occurs in a mixture of tetrahedral and octahedral sites. 
Perhaps equally importantly, increasing iron content leads to increased exchange 
interactions, i. e. clustering of Fe ions, which is manifested in the gradual 
disappearance of the hfs caused by isolated Fe3+ ions. As the relative fraction of 
clustered Fe ions increases, values of r suggest a narrower range of site 
occupancies. Hence the sites occupied by Fe ions within a "cluster" may be more 
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constrained than those of isolated ions. This is reasonable if the next-nearest- 
neighbour ions are less random for a member of a cluster than in an isolated site. 
Additional evidence for the influence of clustering on linewidth is the fact that 
linewidth is the same, within error limits, between 4% and 5% Fe203. It is 
evident from chapters 5.2. and 6.2., considering mainly ESR and Mössbauer 
measurements respectively, that Fe ions are predominantly clustered in many 
glasses at Fe203 contents >3 molar %. Increasing from 4% to 5% Fe203 will thus 
affect the relative numbers of isolated and clustered Fe ions far less than the 
change from 1% to 2% Fe203. 
The amounts of isolated and clustered Fe 3+ ions were estimated (see chapter 
6.3.1. ). This was made possible by the proof that the amount of isolated and 
clustered Fe ions is proportional to the square of the Fe203 content. Additional 
corroboration is provided in the work of Williams et al [12], who used Mbssbauer 
spectroscopy to study similar glasses between 0.2 and 4.0 molar % Fe203. 
Estimated percentages of clustered and isolated Fe 3+ ions agree well with their 
work. Perhaps interestingly, it highlights the fact that even at iron contents as low 
as 0.2 molar % Fe203 approximately 20 % of all Fe ions occur as clustered Fe3+ 
ions. 
Mössbauer measurements of the iron redox ratio, Fee+/EFe, have been carried out. 
Disagreement has sometimes been shown with other techniques at low iron 
contents. The reasons for this have been discussed in chapters 6.2.3. and 6.2.8. 
Comparisons with results from other techniques such as wet chemical analysis or 
optical spectroscopy are required to test the Mössbauer results properly. 
Results for the 1%-5% Fe203 series of glasses indicate a slight decrease in 
Fee+/EFe with increasing iron content up to 3 %, above which it remains 
approximately constant. Generally, Fee+/EFe = 15 - 20 %. This is typical of iron 
in soda-lime-silica glasses fully equilibrated in air at approximately 1450°C [54, 
57,58]. 
It is expected that a small amount of hfs should be present in even the 3-5% 
Fe203 samples, but which was not detected due to the measurements being made 
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at 293 K. From comparison with the work of Williams et al [12], which was 
conducted on glasses of very similar composition to the glasses studied here, it 
can be inferred that the amount of hfs in these samples would be small. Even at 3 
% Fe2O3 it should be weak enough to have little effect on the measured 
parameters, and this effect decreases further with increasing Fe203 content. It 
would certainly be interesting further work to compare and contrast measurements 
made for all samples at 7K and at 293 K in the velocity range ± 12 mm s'. There 
probably exists a "cut-off', below which ambient temperature spectra contain too 
much unresolved hfs to give accurate measurements. It is predicted that this cut- 
off exists in these glasses between 2% and 3% Fe203. 
Mössbauer studies of 0.2 -4 molar % Fe203 in float glass compositions by 
Williams et al [12] produced results which suggested that Fee+/EFe decreased with 
increasing Fe203 contents, from Fee+/EFe = 29 % at 0.32 molar % Fe203 to 
Fee+/EFe = 15 % at 4 molar % Fe203. These results were in agreement with wet 
chemical analysis of the redox. 
Mössbauer results do show a slight decrease in Fee+/EFe with increasing Fe203 
content, from perhaps 21 % at 1 molar % Fe203, to 16 % at 5 molar % Fe203. This 
change is small but disagrees with wet chemical and optical redox measurements 
for the same glasses (see chapters 4.3.7. and 4.3.8. ). One possible source of 
disagreement with the work of Williams et al [12] may lie in differences in the 
melting schedule of the glasses. 
6.4.2. The Effects of Glass Composition 
The redox ratio Fee+/EFe decreased approximately linearly within error limits with 
increasing ionic radius of the alkali ion. Similar relationships exist if the data are 
plotted against the cation field strength (z/a2) of the alkali ion. Despite some 
differences between values of Fee+/EFe obtained with Ba as the alkaline earth 
(comparison of table 6.3.2. a. with table 4.3.7.3. a. ) using Mössbauer and wet 
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chemical techniques, both sets of results do agree that increasing ionic radius of 
the alkali ion leads to a decrease in Fee+/EFe. This is in agreement with a large 
body of literature (see chapter 2.2.5. ), which indicates that increasing glass 
basicity leads to an increasingly oxidised melt. 
The type of alkaline earth ion, however, did not affect the redox in these glasses 
beyond the limits of error. This was unexpected, since it is known that alkaline 
earth ions do affect iron redox (see chapter 2.2.5. ). Indeed, wet chemical and 
optical results for 0.2 molar % Fe203 glasses in this study show that alkaline earth 
ions affect redox at low iron contents (see chapter 4.3.7.1. ). 
It is known that 8(Fe3+) and i(Fe3+) are affected by the redox ratio of iron, or vice- 
versa (see chapter 6.2.9. ). Large changes in redox in the glass affect S(Fe'+) and 
0(Fe3+) in opposite manners. The redox changes in the glasses studied here were 
relatively small with changing composition, and no opposite changes in 6(Fe3+) 
and 0(Fe3+) were observed with changing alkali ion. Therefore the differences in 
redox brought about by using different alkali ions are not responsible for the 
changes in 6(Fe3+) and \(Fe3+). The coordination changes are unlikely to be 
influenced by the small changes in redox, rather it is structural changes brought 
about by the presence of different cations which is the cause. 
All the Mössbauer parameters show distinct changes with changing glass 
composition. Centre shifts, 5(Fe2+) and 6(Fe3+), are inversely proportional to the 
alkali / alkaline earth ionic radius ratio, exhibiting relatively large changes, -15 % 
and -25 % respectively, throughout the series of glasses studied. These decreases 
with increasing alkali / alkaline earth ionic radius ratio signal increases in the 
covalency of bonding. 
From comparison with information in chapters 6.2.6. - 6.2.9., the following 
conclusions can be drawn; 
i) S(Fe2+) and A(Fe2+) indicate that the majority of Fe2+ ions are octahedrally 
coordinated, but increasing alkali / alkaline earth ionic radius ratio leads to an 
increase in the number of Fe" ions in tetrahedral coordination. A greater 
dependency is shown on type of alkali ion than alkaline earth ion. 
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ii) S(Fe3+) and A(Fe3+) show that the majority of Fe 3+ ions occur in tetrahedral 
coordination regardless of composition. Increasing alkali / alkaline earth ionic 
radius ratio leads to greater predominance of tetrahedral sites. Again, greater 
dependency is shown on type of alkali ion than alkaline earth ion. 
Clearly the s-electron density at the nucleus does not remain constant with 
changing alkali ionic radius, indeed it appears to follow approximately linear 
changes for both Fe2+ and Fei+. Increasingly tetrahedral coordination would cause 
this phenomenon. Thus within the "range" of centre shifts associated with a given 
coordination, a change towards or away from the "crossover point" between the 
different coordination states signifies greater population of the dominant 
coordination state. It is also possible that mixtures of 4,5 and 6-coordinated sites 
are populated [40], and the value of S represents that distribution. For a given 
valence state the centre shift decreases with increasing electronegativity (or 
decreasing cation field strength) of the ligand ion, due to increasing s-electron 
density at the Fe nucleus. This is shown by the centre shifts for this series of 
glasses. 
According to Burkhard [40], for a given glass system, 0(Fe3+) decreases with 
increasing optical basicity meaning that the polyhedral geometry becomes more 
cubic. This change was certainly exhibited by the behaviour of \(Fe'+), which 
decreased from 0.92 mm s"' to 0.75 mm s"' over the range of glasses studied here. 
These values indicate the predominance of tetrahedral sites, but further 
interpretation is difficult. The value of i(Fe3+) is a measure of distortion from 
cubic of the Fe3+ coordination polyhedron. The differences in distortion may be 
due largely to changes in Fe-O bond lengths caused by the different cations. These 
bond lengths are affected most by small, highly polarising ions such as Li+, hence 
there is decreasing distortion of the polyhedron with increasing size of alkali ion. 
Moreover, introducing different alkaline earth ions affects '(Fe'+) far less than 
different alkali ions. Alkaline earth ions therefore appear to have far less influence 
on polyhedral distortion. Values of i(Fe2+) cannot be interpreted in this way (see 
chapter 6.2.2. ). 
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Linewidths of Fe2+ and Fe3+ doublets were inversely proportional to optical 
basicity. They indicate a wider range of site parameters for Fe2+ and Fe3+ ions with 
smaller, more acidic modifier ions present. On average, I'(Fe3+) is slightly greater 
than F(Fe2+), supporting the conclusion that Fe3+ ions occupy a combination of 
tetrahedral and octahedral sites and Fe2+ ions are predominantly octahedral. 
6.5. Chapter Summary 
Mössbauer spectra consisted of a doublet attributed to Fe2+ ions, a doublet 
attributed to exchange-interacting Fe3+ ions, and hyperfine splitting sextets 
attributed to isolated Fe" ions. 
Parameters generally showed that the majority of Fe2+ ions occupy octahedral 
sites, and the majority of Fe" ions occupy tetrahedral sites. Increasing Fe203 
content gave rise to increases in the tetrahedral / octahedral ratio for both Fe2+ and 
Fe3+ ions, particularly for Fe3+ ions. Mössbauer parameters also indicated that 
within clusters, the symmetry surrounding Fe3+ ions is more constrained and well- 
defined than for isolated Fe34 ions. 
The relative numbers of isolated and clustered Fe3+ ions were estimated for Fe203 
contents between 0 and 5 molar %. At Fe203 contents as low as 0.2 molar %, it 
was estimated that approximately 20 % of all Fe ions occur as clustered Fe 3+ ions. 
Mössbauer redox measurements suggested slightly higher Fe2+ contents at 1 and 2 
molar % Fe203 than at 3-5 molar % Fe203. This difference was considered small, 
but comparisons with results from wet chemical and optical techniques indicated 
the Mössbauer results for 1 and 2 molar % Fe203 overestimated the Fe 2+ content 
slightly. 
The Fee+/EFe redox ratio measured by Mössbauer spectroscopy for glasses 
containing 5 molar % Fe203 had an approximate negative linear relationship with 
the alkali ionic radius. This was in agreement with wet chemical analysis and a 
large body of literature. Alkaline earth ions appeared to have little effect on redox 
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at these Fe203 contents. 
Parameters show that increasing alkali / alkaline earth ionic radius ratio leads to 
an increase in the number of Fe2+ and Fe3+ ions occupying tetrahedral sites. 
Greater dependency was shown on alkali type than on alkaline earth type A wider 
range of site parameters occur for both Fe2+ and Fe3+ ions with smaller, more 
acidic alkali or alkaline earth ions such as Li' or Mg2+ present. 
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This chapter is intended to bring all the evidence from previous chapters together. 
Properties of the glasses studied are discussed in terms of redox, coordination, 
and distribution of iron species, and the effects on each of Fe203 content and glass 
composition. The interrelationships between these properties are then discussed. 
Finally the structural implications, both for local structure of Fe species and 
longer-range order, are covered. 
Most of the results of this study concerning the effects of glass composition have 
followed one of two behavioural patterns. These have been classed as "collective" 
and "selective" behaviour. 
Collective behaviour occurred when both alkali and alkaline earth ions affected 
properties in a similar manner, having a cumulative effect. An example of this 
would be the effects of glass composition as quantified by optical basicity, on 
Dq(Fe 2). 
Selective behaviour occurred when alkali and alkaline earth ions had opposing 
effects on properties. An example of this type of behaviour is the effect of glass 
composition, quantified by the alkali / alkaline earth ionic radius ratio, on the Fe3+ 
extinction coefficient, E(Fe3). 
7.1. Iron Redox 
As discussed in chapter 2.2., the redox of iron in glass is governed by several 
variables. The effects of Fe203 content and glass composition were investigated in 
detail by this study. The effects of melting time were also studied briefly. 
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The Mössbauer studies by Mysen and co-workers [1, - 5], which were reviewed in 
chapter 6.2.9., suggested that no appreciable change in coordination would 
accompany the redox changes which occurred in this study, where Fee+/EFe < 20 
% in almost every case. Much higher Fee+/FFe ratios would probably be required 
to induce appreciable coordination changes. 
Comparison of redox ratios measured by Mössbauer spectroscopy (see tables 
6.3.2. a. and 6.3.2. b. ) with wet chemical measurements of the same samples (see 
table 4.3.7.3. a. ) indicates some disagreement between the different sets of results. 
Both sets do agree, however, that Fe 2+ content decreased with increasing alkali 
ion size (hence with both increasing alkali / alkaline earth ionic radius ratio and 
optical basicity). Certainly a wider range of measurements would need to be taken 
at 5 molar % Fe203 before it could be said with any confidence that the behaviour 
" was different from that at 0.2 molar % Fe203. 
7.1.1. The Effects of Fe203 Content and Melting Conditions on 
Redox 
The results presented in chapters 4 and 6 showed that Fe203 content does not 
appreciably affect redox in the glasses studied. This was demonstrated not only in 
the Si02-Na20-CaO system, but also in Si02-R20-BaO glasses where R= Li/Na, 
Rb and Cs (see chapter 4.3.7.3. ). Hence we can infer that for all the silicate 
systems investigated, redox was unaffected by Fe203 content. 
The redox ratio Fee+/EFe was at or very close to equilibrium for a Si02-Na20- 
CaO glass melted by the standard regime (see chapter 4.3.4.1. ). It is reasonable to 
assume that this applied to all glasses melted in this study under the same regime. 
These results disagree with the findings of a sizeable proportion of the literature 
on the subject of iron redox in glass which was reviewed in chapter 2.2. Many 
workers found that the Fee+/EFe ratio was affected by iron content: it increased 
quite sharply below a certain iron content. Some workers who carefully 
equilibrated their melts before measurement [6 - 8] found results which agree 
with those presented here. It has been suggested that the oxidising action of Fe203 
on the unequilibrated melt causes the discrepancy [6]. The results of this study 
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therefore show that in properly equilibrated glassmelts, Fe203 content does not 
affect redox within the range studied. This conclusion was reached by combining 
wet chemical and optical spectroscopy (see chapters 4.3.7. and 4.3.8. ) 
measurements, as well as Mössbauer results (see chapters 6.3. and 6.4. ). Some 
discrepancies were found at lower iron contents between Mössbauer spectroscopy 
and the other two techniques, but generally they were in complete agreement. 
It was shown in chapter 4.3.2.2. that the actual concentration per unit volume of 
Fe ions was strongly affected by glass composition, such that small alkali and 
alkaline earth ions, except in the particular case of Mgt+, maximised the Fe ion 
concentration, and large ions minimised it. The Fe203 content did not affect 
redox, regardless of composition. This means that for the 0.2 molar % Fe203 
series of glasses, any variations in redox with different compositions were not 
influenced by differences in Fe concentration. 
7.1.2. The Effects of Glass Composition on Redox 
The results of this study show that alkali and alkaline earth ions exert different 
influences upon many properties, including redox and extinction coefficients. It 
was found that Fee+/ZFe, c(Fe2) and c(Fe3) had linear relationships with the 
alkali / alkaline earth ionic radius ratio. Glasses with MgO as the alkaline earth 
oxide exhibited slightly different behaviour from the other glasses. 
It has generally been found that redox equilibria in glass melts shift toward the 
oxidised state as the glass basicity increases (see chapter 2.2.5. ). This 
phenomenon has been demonstrated in binary alkali silicate glasses. 
Results of this study agree with the trend if considering different alkali ions alone, 
e. g. Si02-CaO-R20 (R = Li --+ Cs). This also includes mixed-alkali glasses (e. g. 
Li-Na series). Where the optical basicity model failed to predict the redox ratio 
was when considering the effects of different alkaline earth ions. The opposite 
trend occurred to that predicted by optical basicity: increasing Ath (i. e. MgO -4 
CaO -* SrO -+ BaO) increased the Fee+/EFe ratio (see chapter 2.2.5. ) 
It has been noted that in many cases, redox equilibria do not correlate very well 
with the optical basicity, indicating the existence of additional mechanisms [9]. 
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Gerlach et al [10], using square-wave voltammetry, found similar results for 
ternary alkali magnesium silicate and alkali calcium silicate glasses containing 
iron. The standard potential (Fe3+/Fe2) increased with increasing size of alkali 
ion, but decreased with changing from MgO to CaO. Hence the effects of alkali 
and alkaline earth ions were in opposition to one another. In another voltammetric 
study of a soda-lime-silica glass, replacement of some Na20 by CaO kept the 
optical basicity approximately constant, yet standard potentials were found to 
change [11]. The findings of this study regarding the effects of glass composition 
on iron redox are in agreement with these voltammetric studies [10,11], in that 
the effects of composition on redox cannot be fully explained by the concept of 
optical basicity. 
The optical basicity is an average basicity for the whole glass, hence the local 
optical basicity of an Fe-ion may be different from the average glass optical 
basicity. It is known that the distributions of alkali and alkaline earth ions in 
silicate glasses are not completely random (see chapter 2.1. ), and results from this 
study also show that clustering of Fe ions can occur at low iron contents such that 
nearby Fe ions may also exert an influence. 
Taking the very simple method of directly comparing the alkali / alkaline earth 
ionic radii by plotting them as a ratio against Fee+/EFe showed they were 
proportional. This occurred for all compositions, although Fee+/EFe ratios for 
glasses with MgO as the alkaline earth oxide were slightly higher than for the 
other alkaline earths. This may have been caused by the difference in coordination 
of Mg 2+ ions, as discussed earlier in this chapter and in chapter 2.1. 
Wet chemical and Mössbauer results were generally in agreement regarding redox 
at 5% Fe203 in terms of alkali ions; both techniques showed that an increase in 
the size of the alkali ion decreased Fee+/EFe. Only Mössbauer redox results were 
available for changing alkaline earth ions at 5% Fe203. They appeared to indicate 
that alkaline earth ions had little effect on redox in these particular glasses. The 
errors associated with the wet chemical technique were larger at 5% Fe203 than 
at 0.2 % Fe2O3 (± 2% compared with ±1 %). Optical spectra showed some 
corroboration: the Fe 2+ absorption peak near 10,000 cm" was stronger in Li/Na 
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and Na glasses than the others (see figure 4.3.3.1. b. ), i. e. the Fe 2+ content was 
higher. 
It has been widely agreed that for binary alkali silicate glasses and binary alkaline 
earth silicate glasses, the ratio of Fe [oxidised/reduced] increases with increasing 
glass basicity or cation field strength, e. g. as the modifier ions increase in size 
(see chapter 2.2.5. ). 
When we move to the ternary systems covered by this study there is a change in 
behaviour. The effects of alkali are still the same as in the binary systems, but 
now with changing alkaline earth ion the ratio [oxidised/reduced] decreases with 
increasing glass basicity, i. e. A. These effects are highlighted in figures 4.3.7.1. a. 
and 4.3.7.1. b. Hence the linear relationship with the alkali / alkaline earth ionic 
radius ratio. Plotting cation field strength ratio or oxide basicity ratio yields 
similar trends. 
Waff [12] noted that Na+ and K+ ions form more stable complexes with Fe 3+ ions 
than do Mg 2+ or Ca2+ ions. This may be one reason why the behaviour remains the 
same for alkali ions. Discussion of ESR results in chapter 5.4.2. identified alkali 
ions as being primarily responsible for determining Fe 3+ ion distribution. It is 
possible that this dominance of alkali ions extends to redox as well. 
It is interesting to note that the trend in redox with composition tallies with 
observed glass viscosities when molten at 1450°C and when being poured: the 
more viscous the glass, the lower the Fee+/EFe ratio. 
7.2. Coordination of Iron Species 
Results from optical absorption, luminescence, ESR and Mössbauer spectroscopy 
have shown that the coordination and environment of Fe species can be strongly 
affected by both iron content and glass composition. 
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7.2.1. The Effects of Fe203 Content on Coordination 
Optical, ESR and Mössbauer techniques have shown that the distribution of Fe 
ions changes with Fe203 content. Thus any changes in coordination and 
environment are probably linked with changing interactions between Fe ions, 
since other parameters such as composition and redox remained approximately 
constant with changing iron content. The following results were found: 
a) The number of Fe ions occupying tetrahedral sites increases with Fe203 
content. This effect is greater for Fe 3+ ions than for Fe2+ ions. 
b) The amount of distortion of sites occupied by both Fe 2+ and Fe 3+ ions 
decreases with increasing Fe203 content. 
Little evidence was found from optical spectroscopy of changes in the average 
coordination of Fe 2+ ions with increasing iron content (see chapter 4.4.3.1. ). This 
is slightly at odds with evidence from Mössbauer spectroscopy, which indicated a 
small increase in the tetrahedral / octahedral ratio of Fe 2+ ions. Due to the large 
differences in optical extinction coefficients of tetrahedral and octahedral Fe 
2+ 
ions, one may have expected optical spectroscopy to have shown this change. 
The Fe203 content had a stronger effect on Fe 3+ coordination than on Fee+. This 
may in part be simply because the majority of Fe ions occurred as Fe 3+ in these 
glasses. It proved difficult to extract information on the effects of Fe203 content 
on Fe 3+ coordination due to the fact that many characteristic absorption bands 
occurred in the same parts of the spectrum regardless of coordination. 
Luminescence spectroscopy was only useful up to 1 molar % Fe203 due to 
concentration quenching, and showed no obvious effects of iron concentration on 
measured spectra below this level (see chapter 4.3.9.1. ). 
ESR was very useful for studying Fe 3+ ion distribution, but gave little information 
on coordination. As discussed in chapter 5.2., interpretation of ESR spectra 
cannot be done in terms of tetrahedral and octahedral sites. It is clear that the 
distribution of Fe 3+ ions is strongly affected by Fe203 content, and this is likely to 
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also affect coordination. Distribution and its relationship with coordination is 
discussed in chapters 7.3. and 7.5. 
Mössbauer spectroscopy showed that the character of both Fe 2+ and Fe 3+ ions 
becomes more tetrahedral with increasing Fe203 content (see chapter 6.4.1. ). This 
effect was greater for Fe 3+ ions than for Fe 2+ ions. In addition, the range of site 
distortions, evidenced by linewidth, decreased sharply with increasing Fe203 
content up to about 3 molar %. These changes in both coordination and site 
distortion may be linked with ion distribution, as discussed in chapters 7.3. and 
7.5. 
7.2.2. The Effects of Glass Composition on Coordination 
Whilst it was shown in chapters 5 and 6 that Fe ions can occur in clusters at low 
iron concentrations, the majority occurred as isolated ions at 0.2 molar % Fe203 
(see table 6.3.1. b. ). For this reason one can surmise that whilst distribution may 
influence coordination and environment of Fe ions at these low concentrations, it 
is not the determining factor. Systematic changes in coordination are brought 
about by the introduction of different alkali and alkaline earth cations. 
The results of this study have shown that: 
a) Fe2+ ions mainly occupy distorted octahedral sites with some distortion 
splitting, attributable to the dynamic Jahn-Teller effect. A small number of 
Fe 2+ ions may occupy tetrahedral sites, though the ratio of Fe 2+ octahedral 
Fee+tetrahedral was largely unaffected by changes in glass composition. 
b) The parameter Dq(Fe 2) is proportional to optical basicity of the glass for 
both octahedral and tetrahedral sites. 
c) Fe 3+ ions occupied both tetrahedral and octahedral sites. The ratio of 
Fei+tetrahed l/ Fei+octahedral is strongly affected by glass composition, and 
increases proportionately with the alkali / alkaline earth ionic radius ratio. 
d) Dq(Fe 3) is affected by composition, and Racah B and C parameters show 
proportionality with the alkali / alkaline earth ionic radius ratio. 
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No obvious trends occurred in optical absorption spectra to suggest that the 
Fee+tecrahedra1 / Fee+octahedral ratio was affected by glass composition. Despite this, 
Mössbauer parameters showed systematic changes with composition. Covalency 
of Fe-O bonding increased with increasing alkali / alkaline earth ionic radius ratio 
for both redox states, and in particular for Fe 3+ ions. Changes in Fei+-0 bond 
covalency were also indicated by proportionality between the Fe 3+ Racah B and C 
parameters and the alkali / alkaline earth ionic radius ratio. In addition, polyhedral 
distortion and the range of site distortions decreased with increasing optical 
basicity, for both redox states. 
There was agreement between information from Mössbauer parameters and the 
optical extinction coefficient c(Fe3) that the Fei+tetrahedral / Fei+octahedral ratio was 
proportional to the alkali / alkaline earth ionic radius ratio. Stabilisation of Fe 3+ 
ions in tetrahedral sites is best achieved by a combination of large alkali cations 
and small alkaline earth cations. Such combinations also served to increase Fe-O 
bond covalency. 
7.3. Distribution of Iron Species 
Ionic distribution of Fe was strongly affected by both glass composition and 
Fe203 content. This was indicated by optical, ESR and Mössbauer results. The 
effects of clustering have been shown in chapters 4,5 and 6 to manifest as the 
inter-valence charge transfer (IVCT) band near 16,000 cm-1 in optical absorption; 
the g=2 resonance and saturation of OHp_p (g = 4.3) in ESR spectra; and the 
relative areas of Fe 3+ doublet and sextets in Mössbauer spectra. Iron distribution 
has also been linked with changes in coordination and site parameters. 
7.3.1. The Effects of Fe203 Content on Fe Ion Distribution 
The following points have been confirmed by this work: 
a) Amount of clustering of the type (Fe3+-O-Fe3) oc (Fe203 %)2. 
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b) Amount of clustering of the type (Fe2+-0-Fe3) a (Fe203 %)2. 
c) Percentages of isolated and clustered Fe 3+ ions have been estimated for all 
Fe203 contents studied. 
d) The crossover from predominance of isolated to clustered Fe ions occurs 
at -3 molar % Fe203; glass composition affects the exact value somewhat. 
Iron ion distribution at low concentrations (<1 molar % Fe203) has not been 
widely investigated. Some literature indicated that measurable clustering of Fe 
ions only occurs at higher Fe203 contents (see chapter 5.2. ). A combination of 
ESR (see chapter 5) and Mössbauer (see chapters 6.3.1. and 6.4.1. ) work in this 
study illustrated that at 0.2 molar % Fe203i some Fei+-O-Fe3+ exchange 
interactions do occur, i. e. some clustered Fe 3+ ions are present. This work has 
indicated that measurable clustering occurs at all iron contents. It is estimated that 
at 0.2 molar % Fe203, approximately 20 % of all Fe ions occur as clustered Fe3+ 
ions (see chapters 6.3.1. and 6.4.1. ). The actual percentage is affected by glass 
composition, and particularly by alkali ions. 
Hence clustering of both types Fei+-O-Fe3' and Fei+-O-Fe2+ obey the same 
relationship with Fe203 content, indicating no obvious preference for like-like 
clustering. 
7.3.2. The Effects of Glass Composition on Fe Ion Distribution 
Glass composition strongly affects the distribution of Fe ions: 
a) Clustered / Isolated Ratio C=b* (Fe203 %)2 where b is a constant 
determined by glass composition. 
b) ba (alkali / alkaline earth ionic radius ratio) for the glasses studied 
c) Hence for glasses of equimolar Fe203 contents, Ca (alkali / alkaline earth 
ionic radius ratio). 
d) Inconsistencies exist concerning MgO-containing glasses 
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As discussed in chapter 5.4.2., ESR results from both this work and others have 
shown that larger alkali ions and smaller alkaline earth ions promote Fe 3+ cluster 
formation. An approximately linear relationship exists between the ratio of the 
two main ESR resonances (figure 6.4.1. c. ), hence between isolated and clustered 
ions, and the alkali / alkaline earth ionic radius ratio. This is perhaps a 
simplification: it was noted in chapter 5.4.2. that alkali ions have a stronger 
influence on Fe 3+ distribution, although alkaline earth ions have a greater 
influence when present in conjunction with large alkali ions such as K+, Rb+ or 
Cs+. 
The extinction coefficient of the main Fe 3+ d-d absorption band is also 
proportional to the alkali / alkaline earth ionic radius ratio (see chapter 4.3.6.2. ). It 
is possible that the Fe 3+ extinction coefficient is affected by the relative 
proportions of isolated and clustered Fe 3+ ions. In addition, MgO-containing 
glasses behaved in relative fashions, i. e. both the amount of clustering and E(Fe3+) 
were lower than predicted on the basis of results for the other cations. The 
anomalous results for MgO glasses were probably due to different bonding 
requirements of the Mg 2+ ion, shown in chapter 2 to occupy tetrahedral network- 
forming sites. Bonding is partially covalent in glasses, and may be instrumental in 
this discrepancy. 
7.4. The Effects of Other Compositional Changes 
The effects of changing the base glass from silicate to borate, as well as minor 
substitutions of other ions for Si4+ will be covered by this chapter. 
Optical absorption and ESR spectra showed important differences between borate 
and silicate glasses containing equimolar amounts of Fe203 (see chapters 4.3.2.5. 
and 5.3.3. ). The UV edge in the borate glass was so strong that it obscured most 
of the absorptions normally attributed to Fe 3+ d-d transitions in the range 20,000 - 




transition of Fe 2+ ions in octahedral coordination (see chapter 4.1.4.1. ) is so weak 
that it indicates almost all iron is in the 3+ state in this glass. 
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In the borate glass, an absorption near 15,000 cm" can be distinguished. Its 
relative broadness and weakness are consistent with the 6A1-*4T1 transition of 
Fe 3+ ions in tetrahedral sites, as predicted form Tanabe-Sugano diagrams [13 - 
20]. The main effect of adding small amounts of B203 in silicate glasses 
containing iron is to shift' the UV edge to lower wavenumbers (see chapter 
4.3.2.4. ). The addition of B203 to silicate glasses containing nominally zero Fe 
actually increases the UV transmission [21]. It is possible therefore that the 
addition of B203 to silicate glasses modifies the behaviour of the oxygen-metal 
charge transfer (OMCT) bands in the UV. It affects the strength and / or position 
of these bands such that the UV edge is stronger. The strength of the Fe 2+ 
absorption -10,000 cm -1 decreases, indicating that the addition of boron either 
reduces c(Fe 2) or the Fee+/EFe ratio. Further replacement of Si02 by B203 gives 
a glass similar in composition to sample 62. The 0V edge has moved to much 
lower wavenumbers and the Fe 2+ absorption is all but gone. This therefore 
indicates that it is the redox which has changed in the 5% B203 glass. The shift in 
redox may partially contribute to the change in UV edge position, but it was 
concluded earlier that composition has a far greater influence than redox. The 
differences are therefore mainly caused by structural and environmental effects. 
The suggestion that Fe 3+ ions in borate glasses exist in part in colloidal form [22] 
may be an explanation for this phenomenon. Such colloidal dispersions could 
affect the values of extinction coefficients in the UV. Indeed, ESR measurements 
discussed in chapter 5.3.3. suggest much greater clustering of Fe 3+ ions in the 
borate glass compared with the silicate glass. 
The addition of A1203 and Ge02 to silicate base glasses had lesser effects on UV 
edges than the addition of B203. Changes occurred in optical spectra with all 
these additions, suggesting changes in redox or extinction coefficients. 
7.5. Connections between Redox, Coordination and Distribution 
Does distribution affect the redox, coordination and environment of Fe ions, and 
vice-versa? At low Fe203 contents such as 0.2 molar %, it would be useful to 
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know more about the relationships between composition, redox, coordination and 
distribution. 
Many of the properties associated with Fe 3+ ions are governed by selective 
behaviour. Larger alkali cations and smaller alkaline earth cations give rise to 
decreases in the Fee+/EFe redox ratio and increases in the amount of clustering 
and the tetrahedral / octahedral site ratio. 
This study has shown that an increase in the Fe 3+ tetrahedral / octahedral ratio is 
accompanied by an increase in the Fe 3+ clustered / isolated ratio. Both of these 
changes are large compared with any changes in redox which may also occur, 
meaning that the relationship between coordination and distribution is probably 
little affected by these changes in redox. Hence we can consider coordination and 
distribution alone. This means that isolated Fe 3+ ions are more likely to occupy 
octahedral sites, and clustered Fe 3+ ions are more likely to occupy tetrahedral 
sites. 
The following parameters have been identified as behaving selectively, i. e. they 
exhibit proportionality to some ratio of alkali / alkaline earth ions: 
a) Fee+/EFe redox ratio. 
b) Stabilisation of Fe 3+ ions in tetrahedral sites. 
c) Distribution of Fe 3+ ions between clustered and isolated sites. 
So why should selective behaviour occur for redox and also for many properties 
associated with Fe 3+ ions, but collective behaviour apply more to Fe 2+ ions? 
One reason may be coordination: for the glasses studied there was a major 
difference in coordination of the different redox states: Fe 2+ ions mostly occupied 
octahedral sites, and Fe 3+ ions occupied a mixture of tetrahedral and octahedral 
sites. Tetrahedral Fe 3+ ions require charge balance of +1 from one alkali or half an 
alkaline earth ion [12]. As discussed in chapter 5.4.2., Waff [12] found that alkali 
complexes are more tightly bound and therefore more stable than alkaline earth- 
iron complexes. This explains selective behaviour wherein tetrahedral Fe 
3+ ions 
preferentially use alkali ions for charge balance. A combination of larger alkali 
and smaller alkaline earth ions give the best stabilisation of Fei+tet, ahearaI ions. 
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There may be two different structural possibilities governing these selective 
properties; redox, coordination of Fe 3+ ions, and distribution of Fe 3+ ions: 
a) Only alkali cations perform the necessary stabilisations of Fe 3+ ions, and 
alkaline earth ions merely hinder their effectiveness by varying degrees based 
upon space / charge effects. The ability of the alkali ions to perform these 
various stabilisations is proportional to their size, and the ability of alkaline 
earth ions to hinder the stabilisation is proportional to their size. 
b) Both alkali and alkaline earth cations perform the necessary stabilisations of 
Fe 3+ ions. A combination of large alkali ions and small alkaline earth ions best 
achieves this. The ability of the alkali ions to perform these stabilisations is 
proportional to their size, and the ability of alkaline earth ions to perform the 
stabilisation is inversely proportional to their size. 
This is one of the main questions posed by these results: we know that tetrahedral, 
clustered Fe 3+ ions are best stabilised by alkali ions, especially by larger alkali 
ions, but do alkaline earth ions participate? If so, how? If not, do they hinder 
alkali ions from performing the stabilisations, and how? These questions require 
further work to be fully answered. 
7.6. Local Structure Surrounding Fe Species 
Optical basicity represents the average electron donor capability of oxygen ions 
in a glass. A linear relationship between a property and optical basicity with 
changing composition therefore indicates that both types of modifier cation, alkali 
and alkaline earth, affect the behaviour of Fe ions in similar ways but to varying 
degrees, and the overall effect is additive. For example, Dq(Fe2+) was 
proportional to the optical basicity of the glass for octahedral and tetrahedral ions. 
The alkali / alkaline earth ionic radius ratio is a scale which represents selective 
rather than collective behaviour. Many properties of Fe have been found in this 
work to be quantified by these scales, for example various optical parameters, the 
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relative amounts of isolated and clustered Fe 3+ ions and of tetrahedral and 
octahedral Fe 3+ ions, and the Fee+/EFe redox ratio. Selective structural behaviour 
affects Fe 3+ ions more strongly and with respect to more of their properties than 
Fe 2+ ions. It is possible that this may be related to differences in coordination; the 
majority of Fe 3+ ions occupy tetrahedral sites, whereas the majority of Fe 2+ ions 
occupy octahedral sites. 
As discussed in chapter 2.1., work on glass structure has revealed that cation 
distributions are not random as proposed by the original random network theory. 
Channels or regions of high alkali content percolate alkali silicate glasses [23]. In 
addition, regions of high barium content were found in Si02-Na20-BaO glasses 
[24]. 
Application of these more recent findings to the question of Fe coordination and 
environment presents certain difficulties; Fe 2+ ions occur predominantly in 
octahedral sites in the glasses studied. They display collective behaviour in terms 
of Dq, so their next-nearest-neighbour cation coordination spheres must contain 
alkali and alkaline earth cations, though not necessarily both types in any one 
coordination sphere. It is therefore possible that Fe 2+ ions occupy regions in the 
glass which are rich with modifier ions. On the other hand there is no evidence 
that the Fe 2+ ions do not define their own environment and use appropriate cations 
from their surroundings to satisfy bonding requirements and maintain charge 
neutrality. 
Fe 3+ ions occupy both tetrahedral and octahedral sites, and exhibit selective 
behaviour with respect to modifier cations. Tetrahedral sites in particular show 
this selectivity, as demonstrated by luminescence spectroscopy. Mössbauer 
spectroscopy could not distinguish individual behaviours of Fe 3+ ions in 
tetrahedral and octahedral sites. Selectivity indicates that Fe 3+ ions largely define 
their own immediate environments in terms of their coordination spheres, 
although the distribution of Fe 3+ ions between isolated and clustered sites must 
also be considered: tetrahedral Fe 3+ ions are associated with clustering. This 
distribution is governed by similar selectivity to that which governs coordination 
and redox, albeit with slight differences which were discussed in chapter 5.4.2. 
Clearly the medium-range order surrounding Fe ions in the glasses studied here is 
relatively well-defined and not random. This applies to Fe ions in both possible 
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redox states and both possible coordinations. It also means that the environments 
surrounding these ions are not average representations of environments within the 
bulk glass. Caution should therefore be taken when using Fe as a probe ion for 
examining the structure of glass. 
Medium-range order surrounding Fe ions may also include other Fe ions, even at 
low iron concentrations such as 0.2 molar % Fe203. Whilst not having a great 
affect on existing optical parameters, it does introduce a new absorption band near 
16,000 cm-1. In addition it may be one reason for decreases in site distortion with 
increasing clustering. 
7.7. Other Structural Implications 
Density measurements and other data have given useful information on the 
structure of these glasses. In particular the behaviour of MgO - containing glasses 
was unlike the other alkaline earth oxides. This has been attributed to a fraction of 
the Mg2+ ions occupying tetrahedral sites, resulting in a voluminous structure (see 
chapter 2.1. ). This affected the behaviour of Fe ions, and particularly Fe 
3+ ions, in 
terms of redox, coordination, distribution and environment. The Fee+/EFe ratio 
was higher than expected and the proportions of tetrahedral and of clustered Fe 
3+ 
ions were lower than expected. This is yet further evidence for the inter- 
dependence of tetrahedral and clustered Fe 3+ ions. 
7.8. Suggestions for Future Work 
During the course of this study, this author became aware of how few detailed 
structural studies have been made on alkali-alkaline earth silicate systems. 
Generally such work has tended to cover alkali silicate or aluminosilicate 
systems. Considering that alkali - alkaline earth silicates present a much closer 
approximation to container glass and float glass, more work should be conducted 
to give a better structural understanding of these common glasses. With this in 
mind, techniques such as x-ray absorption and neutron diffraction can provide 
information on bulk properties such as were shown by Brosset [24]. Detailed 
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environmental information on Fe ions, for example Fe-O bond lengths, can be 
obtained from techniques such as neutron diffraction or EXAFS. A combination 
of detailed studies of Fe local environments and bulk glass structure using such 
techniques would provide yet further insight into the behaviour of the glasses 
covered by this study. 
An expansion of the luminescence work discussed in this study should include an 
investigation of the effects of glass composition on the luminescence band near 
11,000 cm'', established as being due to Fe 3+ ions in octahedral sites. This would 
offer further evidence on the connections between coordination and distribution 
of Fe 3+ ions. 
Transmission electron microscopy and EDS analysis may give information on 
phase separation phenomena and the makeup of different phases, if any. The 
distribution of both modifier ions and Fe ions between such phases (if they exist) 
would allow a better understanding of the behaviour of Fe ions in these glasses. 
Imaging of iron clusters may be possible using electron microscopy. Calculation 
of the statistics involved with iron clusters would allow better insight into the 
behaviour of Fe ions and their tendency to cluster. 
The addition of other ions to the compositions already studied could be made; a 
few percent A1203; more mixed-alkali glasses; these would bring the composition 
even closer to those of container and float glass, and hence studies of such glasses 
would be directly useful to manufacturers and developers of such glasses. 
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In this thesis a multi-technique approach has been used to study iron in ternary 
silicate glasses. A wide range of glass compositions and iron concentrations have 
been thoroughly investigated and characterised. 
It has been established that coordination, redox, ion distribution, ligand field and 
bonding parameters associated with Fe 2+ and Fe 3+ ions are strongly affected by 
either or both of iron content and glass composition. 
Conclusions apply only to the glass systems studied, and whilst they indicate 
possible behaviour in other systems, identical behaviour should not be assumed. 
8.1. The Effects of Fe203 Content 
A combination of techniques has shown that redox is not affected by Fe203 
content provided that the glass melt is sufficiently close to equilibrium with the 
surrounding atmosphere. Mössbauer, wet chemical and optical methods gave 
Fee+/EFe ratios which were generally the same. 
Coordinations of Fe 2+ and Fe 3+ ions were affected by Fe203 content, and this 
accompanied clustering. Increasing Fe203 content gave rise to increases in the 
tetrahedral / octahedral ratio, more so for Fe 3+ ions than for Fe 2+ ions. This was 
accompanied by a narrowing of site parameters and increasing site symmetry, 
which may be linked with clustering. 
The Fe203 content strongly affected all measured spectra. Some spectral changes 
were the results of the effects of Fe203 content on the distribution of Fe 2+ and Fe 3+ 
ions between isolated and clustered sites. The amounts of clustering of the types 
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Fei+-O-Fe3+ and Fee+-O-Fe3+ were both approximately proportional to the square 
of the Fe203 content in molar percent. Clustering was found to manifest in optical 
spectra as an absorption band attributable to inter-valence charge transfer at 
approximately 16,000 cm-1. The disappearance of hyperfine sextets in Mössbauer 
spectra and the increasing intensity of the g=2 resonance in ESR spectra were 
indicative of Fe 3+ clustering. The crossover in predominance between isolated and 
clustered Fe 3+ ions was affected by glass composition, but generally occurred at 
-3 molar percent Fe203. Estimates of the relative numbers of clustered and 
isolated Fe 3+ ions were made for different Fe203 contents, and indicated that even 
at low iron contents of 0.2 molar % Fe203, considerable numbers of Fe ions were 
clustered. 
Optical absorption spectra were greatly affected by changes in Fe203 content, 
however the ligand field and Racah parameters were not. The changes in optical 
spectra manifested as increasing strength of all d-d transitions, but also the 
movement of the UV edge to lower wavenumbers and the increasing strength of 
an inter-valence charge transfer absorption. 
8.2. The Effects of Glass Composition 
The effects of glass composition on the properties investigated by this study could 
be separated into two general categories: collective and selective. 
Collective relationships took the form of proportionality between a property and 
the theoretical optical basicity Ath of a glass, which is a measure of the average 
electron donor power of constituent oxides. The ligand field parameter Dq(Fe2+Oct) 
fell into this category, indicating that the next-nearest neighbour coordination 
shells of octahedral Fe 2+ ions include both alkali and alkaline earth cations. 
Selective relationships took the form of proportionality between a property and 
the ratio of alkali / alkaline earth ions, as expressed in this case by ionic radii. 
Many parameters describing redox, coordination, environment and ion 
distribution fell into this category, especially those pertaining to Fe 3+ ions. 
A combination of wet chemical and optical techniques showed that regardless of 
the Fe203 content, the redox ratio Fee+/EFe was inversely proportional to the ratio 
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of alkali / alkaline earth ions in terms of their ionic radii. This was typical of 
selective behaviour. 
Optical spectra exhibited changes with composition which could be attributed to 
redox, coordination and ion distribution. 
Coordination and environment of Fe 2+ and Fe 3+ ions were strongly affected by 
composition, and generally tended to be governed by selective behaviour. A shift 
in coordination of Fe 3+ ions from octahedral towards tetrahedral was caused by 
increasing the alkali / alkaline earth ionic radius ratio. 
Two possibilities were put forward to explain selective behaviour: either alkali 
and alkaline earth ions act in opposition to one another with regards to Fe 
(particularly Fei+) ions to which they are coordinated, or it is mostly alkali ions 
which coordinate and charge-balance Fe 3+ ions and alkaline earth ions hinder their 
ability to do so by varying degrees. 
Fitting of optical spectra confirmed the existence of absorptions which were 
attributed to the dynamic Jahn-Teller effect and to inter valence charge transfer 
caused by clustering, in addition to d-d transitions and the UV edge. 
8.3. The Unique Case of MgO 
Glasses containing MgO exhibited behaviour dissimilar to the other alkaline 
earths. These differences manifested as unexpectedly high molar volumes, 
indicating a voluminous structure. These had a diluting effect upon Fe dopants, so 
that glasses with CaO as the alkaline earth oxide contained a higher volume 
concentration of Fe ions than equivalent MgO glasses. It was also found that 
Mg 2+ ions give rise to greater amounts of clustering of Fe 3+ ions than the other 
alkaline earth ions. 
These differences also affected many other properties: the redox ratio Fee+/EFe, 
was higher than expected, so Fe 3+ ions were less stable than suggested by ionic 
radii predictions. Extinction coefficients were lower than expected for both 
valencies, hence for Fe 3+ ions the tetrahedral / octahedral ratio was lower than 
expected. 
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These phenomena may be due to some fraction of Mg2+ ions occupying 
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/ gcm 3 
Fe3+ PL Peak 
Max. / cm-' 
1200 
Fe2+ Peak 
Max. / cm" 
±100 
10 Si-Li-Mg-0.2Fe 2.2954 - - 
12 Si-Li-Ca-0.217e 2.4841 - - 
14 Si-Li-Sr-0.2Fe 2.7051 - - 
15 Si-Li-Ba-0.2Fe 3.0044 13,160 9,900 
17 Si-Li/Na-Mg- 
0.2Fe 
2.4367 14,285 10,750 
18 Si-Li/Na-Ca- 
0.2Fe 
2.5560 13,890 10,100 
19 Si-Li/Na-Sr- 
0.2Fe 
2.7856 13,795 9,800 
20 Si-Li/Na-Ba- 
0.2Fe 
3.0027 13,425 9,600 
21 Si-Na-Mg-0.2Fe 2.4444 14,390 9,900 
24 Si-Na-Ca-0.2Fe 2.5554 14,085 9,200 
29 Si-Na-Sr-0.2Fe 2.8011 13,605 9,300 
32 Si-Na-Ba-0.2Fe 3.0297 13,160 9,000 
36 Si-Na/K-Mg- 
0.2Fe 
2.4399 14,815 - 
37 Si-Na/K-Ca- 
0.2Fe 
2.5042 14,705 - 
38 Si-Na/K-Sr- 
0.2Fe 
2.7705 14,085 - 
39 Si-Na/K-Ba- 
0.2Fe 
2.9902 13,335 - 
40 Si-K-Mg-0.2Fe 2.4007 14,925 9,000 




/ gcm 3 
Fe" PL Peak 
Max. / cm-' 
f 200 
Fe" Peak 
Max. / cm-' 
±100 
42 Si-K-Ca-0.2Fe 2.5184 14,495 8,600 
45 Si-K-Sr-0.2Fe 2.7434 14,390 8,500 
48 Si-K-Ba-0.2Fe 2.9709 13,890 8,400 
51 Si-Rb-Ca-0.2Fe 2.9088 14,705 8,550 
52 Si-Rb-Sr-0.2Fe 3.1156 14,600 8,400 
53 Si-Rb-Ba-0.2Fe 3.3207 14,285 8,300 
54 Si-Cs-Ca-0.2Fe 3.2205 14,705 8,500 
55 Si-Cs-Sr-0.2Fe 3.4923 14,390 8,500 
56 Si-Cs-Ba-0.217e 3.6136 14,390 8,200 
9 Si-Na-Ca-0.1Fe 2.5546 14,185 9,300 
63 Si-Na-Ca-0.5Fe 2.5662 14,185 9,300 
66 Si-Na-Ca-1Fe 2.5825 14,285 9,300 
69 Si-Na-Ca-2Fe 2.6106 - 9,400 
70 Si-Na-Ca-He 2.6474 - 9,600 
71 Si-Na-Ca-4Fe 2.6787 - 10,000 
72 Si-Na-Ca-5Fe 2.7067 - 10,200 
60 Si-Ge-Na-Ca- 
0.2 Fe 
- - 9,200 
58 Si-B-Na-Ca-0.2 
Fe 
- - 9,250 
57 Si-AI-Na-Ca-0.2 
Fe 
- - 9,400 
81 Si-Li-Na-Ba-5 
Fe 
- - 10,300 
80 Si-Na-Ba-S Fe - - 9,500 
82 Si-K-Ba-5 Fe - - 8,800 
83 Si-Rb-Ba-S Fe - - 8,700 
84 Si-Cs-Ba-S Fe - - 8,700 
78 Si-Na-Mg-S Fe - - 11,200 
79 Si-Na-Sr-S Fe - - 9,900 
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Table B2. Electron Spin Resonance (ESR) Data 
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Sample Composition Fe203 / molar 
% 








15 Si-Li-Ba 0.2 4.68 0.0654 
17 Si-Li-Na-Mg 0.2 4.87 0.0763 
18 Si-Li-Na-Ca 0.2 4.96 0.0719 
19 Si-Li-Na-Sr 0.2 4.4 0.0719 
20 Si-Li-Na-Ba 0.2 4.59 0.0787 
21 Si-Na-Mg 0.2 5.62 0.135 
24 Si-Na-Ca 0.2 4.87 0.0909 
29 Si-Na-Sr 0.2 4.96 0.0943 
32 Si-Na-Ba 0.2 4.68 0.0980 
36 Si-Na-K-Mg 0.2 6.46 0.294 
37 Si-Na-K-Ca 0.2 5.33 0.179 
38 Si-Na-K-Sr 0.2 5.05 0.137 
39 Si-Na-K-Ba 0.2 4.77 0.127 
40 Si-K-Mg 0.2 8.14 0.442 
42 Si-K-Ca 0.2 5.99 0.270 
45 Si-K-Sr 0.2 5.52 0.227 
48 Si-K-Ba 0.2 5.24 0.2 
51 Si-Rb-Ca 0.2 7.11 0.4 
52 Si-Rb-Sr 0.2 6.27 0.323 
53 Si-Rb-Ba 0.2 5.8 0.25 
54 Si-Cs-Ca 0.2 7.49 0.455 
55 Si-Cs-Sr 0.2 7.3 0.417 
56 Si-Cs-Ba 0.2 6.46 0.357 
62 Borate 0.2 6.98 0.659 
9 Si-Na-Ca 0.1 3.38 0.080 
63 Si-Na-Ca 0.5 7.94 0.145 
66 Si-Na-Ca 1 14.49 0.377 
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Sample Composition Fe203 / molar 
% 








69 Si-Na-Ca 2 18.46 0.862 
70 Si-Na-Ca 3 21.24 2.439 
71 Si-Na-Ca 4 20.25 5.263 
72 Si-Na-Ca 5 19.65 8.333 
73 Si-K-Ca 1 16.1 1.176 
74 Si-K-Ca 2 20.13 3.846 
75 Si-K-Ca 3 20.13 9.091 
76 Si-K-Ca 4 18.12 20.00 
77 Si-K-Ca 5 13.42 33.33 
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Table B3. Wet Chemical and Optical Redox Measurements 
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15 Si-Li-Ba 0.2 - 20.6 
17 Si-Li-Na-Mg 0.2 17 t1 17.0 
18 Si-Li-Na-Ca 0.2 - 17.5 
19 Si-Li-Na-Sr 0.2 - 18.5 
20 Si-Li-Na-Ba 0.2 20 ±1 20.0 
21 Si-Na-Mg 0.2 15 ±1 15.0 
24 Si-Na-Ca 0.2 16 ±1 16.0 
29 Si-Na-Sr 0.2 17 ±1 17.0 
32 Si-Na-Ba 0.2 18 ±1 18.1 
40 Si-K-Mg 0.2 - 9.7 
42 Si-K-Ca 0.2 12 ±1 12.2 
45 Si-K-Sr 0.2 15 ±1 15.1 
48 Si-K-Ba 0.2 16 ±1 16.1 
51 Si-Rb-Ca 0.2 - 11.4 
52 Si-Rb-Sr 0.2 - 13.1 
53 Si-Rb-Ba 0.2 15 t1 14.9 
54 Si-Cs-Ca 0.2 - 9.5 
55 Si-Cs-Sr 0.2 - 11.5 
56 Si-Cs-Ba 0.2 14 ±1 14.1 
9 Si-Na-Ca 0.1 15 t1 15.1 
63 Si-Na-Ca 0.5 16 ±1 16.8 
66 Si-Na-Ca 1 16 ±1 16 
69 Si-Na-Ca 2 21 ±2 19.3 
70 Si-Na-Ca 3 17 ±2 17 
71 Si-Na-Ca 4 16 ±2 14.5 
72 Si-Na-Ca 5 15 ±2 21.2 
88 Si-Li-Na-Ba 5 18±2 - 
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90 Si-Rb-Ba 5 14 ±2 - 
91 Si-Cs-Ba 5 15 ±2 - 
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Table B4. Mathematical Fitting Parameters for Optical Absorption Spectra 
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Peak Parameter Sample Sample Sample Sample Sample 
15 17 18 19 20 
A Position 4830 4901 4864 4774 4750 
Intensity 0.2141 0.1545 0.1803 0.2093 0.1970 
Width 957 1308 1066 1035 977 
B Position 7706 8143 7732 7665 7624 
Intensity 0.0615 0.0989 0.0941 0.0972 0.1076 
Width 1345 1473 1341 1433 1520 
C Position 10069 10881 10288 10113 9985 
Intensity 0.7972 0.7439 0.7384 0.7465 0.7432 
Width 4101 3892 3972 4080 4054 
D Position 16282 "16625 16226 15906 15912 
Intensity 0.0891 0.0678 0.0602 0.0565 0.0689 
Width 2551 2456 2576 2461 2283 
E Position 20522 20053 19805 20044 20256 
Intensity 0.0970 0.0615 0.0493 0.0584 0.0829 
Width 2450 1534 1802 2718 2702 
F Position 23288 22954 23135 23321 23271 
Intensity 0.1364 0.1698 0.1488 0.1041 0.1205 
Width 1586 1582 1727 1578 1455 
G Position 25016 24727 25167 25116 24811 
Intensity 0.0930 0.0889 0.0772 0.0581 0.0638 
Width 694 880 664 638 754 
H Position 26149 26274 26225 26196 26150 
Intensity 0.2305 0.3537 0.3281 0.2113 0.2291 
Width 642 729 654 642 812 
Exponent 2.47 E 5.90 E 8.36 E 5.82 E 3.95 E 
B° 
-14 -13 -14 -14 -14 
Exponent 0.001045 0.000909 0.001004 0.001001 0.001015 
B, 
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Peak Parameter Sample Sample Sample Sample Sample 
21 24 29 32 40 
A Position 4654 4788 4748 4693 4547 
Intensity 0.1712 0.203 0.1990 0.2257 0.1667 
Width 1100 1011 956 922 983 
B Position 7798 7653 7608 7647 7641 
Intensity 0.0956 0.1737 0.1571 0.1622 0.1901 
Width 1953 1653 1670 1688 2128 
C Position 10608 10012 10001 9797 10467 
Intensity 0.6294 0.7250 0.6895 0.7292 0.5291 
Width 4039 4062 3985 4015 4364 
D Position 16246 16954 16657 16689 17173 
Intensity 0.0477 0.0611 0.0561 0.0541 0.0367 
Width 2158 2559 3219 3005 1474 
E Position 20152 20008 20194 20254 20371 
Intensity 0.0611 0.0501 0.0367 0.0245 0.0691 
Width 2541 1467 1447 984 1933 
F Position 22574 23026 23111 23024 22380 
Intensity 0.0240 0.159 0.1390 0.0965 0.0332 
Width 615 1902 1833 1972 544 
G Position 23765 25307 25422 25590 23668 
Intensity 0.1345 0.0683 0.0735 0.0625 0.0154 
Width 2084 1072 937 731 1728 
H Position 26289 26253 26236 26161 26289 
Intensity 0.3093 0.2585 0.2078 0.1536 0.4134 
Width 688 680 647 533 659 
Exponent 2.70 E 7.97 E 1.58 E 1.51 E 2.19 E 
B0 
-13 -13 -13 -14 -12 
Exponent 0.000931 0.000912 0.000971 0.001049 0.000854 
B, 
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Peak Parameter Sample Sample Sample Sample Sample 
42 45 48 51 52 
A Position 4490 4595 4564 4489 4518 
Intensity 0.1982 0.1787 0.1839 0.1885 0.1977 
Width 1041 860 827 1024 933 
B Position 7292 7293 7221 7136 7033 
Intensity 0.212 0.1974 0.2109 0.2235 0.2220 
Width 2085 1941 2077 1920 1952 
C Position 9940 -9722 9693 9859 9672 
Intensity 0.5155 0.5692 0.5239 0.5457 0.5580 
Width 4007 4070 4047 3710 3677 
D Position 16014 15658 15795 13945 14843 
Intensity 0.0399 0.0568 0.0513 0.0711 0.1047 
Width 2299 2327 2202 1974 2567 
E Position 20861 20218 20113 17284 19538 
Intensity 0.0822 0.0609 0.0586 0.0624 0.0730 
Width 3982 2779 2527 3228 2990 
F Position 22780 23291 23100 23032 23167 
Intensity 0.169 0.134 0.131 0.1208 0.1388 
Width 1478 1672 1604 1879 1763 
G Position 24446 25089 24847 25253 25232 
Intensity 0.0904 0.0466 0.0514 0.0314 0.0481 
Width 962 531 736 356 409 
H Position 26103 26084 26037 26081 26047 
Intensity 0.3755 0.3215 0.2907 0.3262 0.3339 
Width 699 618 651 593 575 
Exponent 5.34 E 7.99 E 4.68 E 7.87 E 4.15 E 
B° 
-12 -13 -14 -13 -12 
Exponent 0.000851 0.000920 0.001017 0.000841 0.000869 
B, 
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Peak Parameter Sample Sample Sample Sample Sample 
53 54 55 56 25 
A Position 4492 4448 4337 4529 4787 
Intensity 0.1711 0.1308 0.2093 0.1546 0.1765 
Width 858 1017 1191 877 1003 
B Position 7124 7133 6982 6864 7653 
Intensity 0.1819 0.1099 0.0700 0.1221 0.1591 
Width 2057 1882 1190 1530 1672 
C Position 9582 9543 9068 9089 10076 
Intensity 0.4994 0.4434 0.5887 0.5316 0.6331 
Width 4217 4148 4032 3677 3998 
D Position 16161 14113 15022 14079 15894 
Intensity 0.0662 0.0713 0.1917 0.1599 0.0547 
Width 2799 2349 3552 2858 2414 
E Position 19757 18507 20017 19872 20267 
Intensity 0.0507 0.0421 0.0925 0.0621 0.0636 
Width 1556 4143 934 2644 2532 
F Position 22562 22219 22314 23110 23262 
Intensity 0.1278 0.03134 0.1873 0.1210 0.1445 
Width 1555 605 1620 1729 1638 
G Position 24545 23532 24279 24956 25084 
Intensity 0.0741 0.0766 0.1041 0.0424 0.0644 
Width 1325 1400 1278 510 668 
H Position 26011 25985 25851 25907 26203 
Intensity 0.2673 0.2941 0.3692 0.3026 0.3219 
Width 668 665 655 593 649 
Exponent 2.29 E 6.69 E 1.58 E 1.92 E 1.46 E 
B° 
-13 -11 -11 -13 -12 
Exponent 0.000964 0.000850 0.000836 0.000978 0.000896 
B, 
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Peak Parameter Sample Sample Sample Sample Sample 
26 9 63 66 69 
A Position 4811 4764 4829 4843 4872 
Intensity 0.1819 0.0839 0.4526 0.8597 2.248 
Width 964 984 982 977 1035 
B Position 7626 7585 7686 7692 7644 
Intensity 0.1641 0.0642 0.4231 0.7967 2.257 
Width 1575 1617 1633 1665 1717 
C Position 10041 10041 10113 10108 10249 
Intensity 0.7307 0.2849 0.2849 1.7322 3.3957 
Width 4014 3982 3982 3995 4024 
D Position 15245 15795 15795 15986 15965 
Intensity 0.0473 0.0205 0.0205 0.1869 0.4939 
Width 2062 2379 2379 2368 2394 
E Position 18646 19333 19963 20064 19510 
Intensity 0.0382 0.01331 0.225 0.7286 2.697 
Width 2420 1810 2358 2652 2833 
F Position 23106 23019 23197 23153 22990 
Intensity 0.0997 0.0480 0.450 1.073 3.267 
Width 1794 1901 1793 1757 1994 
G Position 25206 25711 25428 25333 25388 
Intensity 0.0472 0.0374 0.232 0.524 1.124 
Width 554 639 915 929 952 
H Position 26193 26303 26253 26201 26214 
Intensity 0.2549 0.0846 0.597 1.132 2.001 
Width 612 513 590 561 576 
Exponent 8.56 E 4.93 E 1.72 E 1.42 E 1.44 E 
B° 
-14 -13 -10 -8 -6 
Exponent 0.000991 0.000977 0.000764 0.000644 0.000052 
B, 
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Peak Parameter Sample Sample Sample 
70 71 72 
A Position 4867 4885 4906 
Intensity 2.393 2.948 5.602 
Width 1005 1065 1075 
B Position 7766 7653 7705 
Intensity 2.306 1.940 4.24 
Width 1771 1438 1638 
C Position 10419 
, 
9892 10094 
Intensity 9.509 11.736 21.100 
Width 4152 3773 3806 
D Position 17027 16501 16314 
Intensity 4.276 6.932 14.923 
Width 2798 4420 3984 
E Position 19909 20483 20241 
Intensity 2.127 3.830 9.312 
Width 934 2141 2458 
F Position 22219 22452 22453 
Intensity 6.303 5.206 9.351 
Width 2323 1228 1433 
G Position - - - 
Intensity - - - 
Width - - - 
H Position 25952 - - 
Intensity 2.077 - - 
Width 602 - - 
Exponent 1.98 E 0.000273 9.79 E 
B° 
-5 -4 
Exponent 0.000453 0.000038 0.000351 
B, 
